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Preface 


This volume is an outgrowth of a course intended for first year graduate 
students or exceptionally advanced undergraduates in their junior or 
senior year. The purpose of the course (taught at Northwestern University 
in 1956-1957) was twofold: (a) to provide the necessary elementary back- 
ground for all branches of modern mathematics involving “analysis” 
(which in fact means everywhere, with the possible exception of logic 
and pure algebra); (b) to train the student in the use of the most fundamen- 
tal mathematical tool of our time — the axiomatic method (with which 
he will have had very little contact, if any at all, during his undergraduate 
years). 

It will be very apparent to the reader that we have everywhere 
emphasized the conceptual aspect of every notion, rather than its computa- 
tional aspect, which was the main concern of classical analysis (see [261) ; 
this is true not only of the text, but also of most of the problems. We 
bave included a rather large number of problems in order to supplement 
the text and to indicate further interesting developments. The problems 
will at the same time afford the student an opportunity of testing his 
grasp of the material presented. 

Although this volume includes considerable material generally treated 
in more elementary courses (including what is usually called “Advanced 
Calculus”) the point of view from which this material is considered is 
completely different from the treatment it usually receives in these courses. 
The fundamental concepts of function theory and of calculus have been 
presented within the framework of a theory which is sufficiently general 
to reveal the scope, the power, and the true nature of these concepts far 
better than is possible under the usual restrictions of ‘“‘classical analysis.” 
It is not necessary to emphasize the well-known “economy of thought”’ 
which results from such a general treatment; but it may be pointed out 
that there is a corresponding “economy of notation’, which does away 
with hordes of indices, much in the same way as “‘vector algebra” simplifies 
classical analytical geometry. This has also as a consequence the necessity 
of a strict adherence to axiomatic methods, with no appeal whatsoever 
to “geometric intuition’, at least in the formal proofs: a necessity which 
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we have emphasized by deliberately abstaining from introducing any 
diagram in the book. My opinion is that the graduate student of today 
must, as soon as possible, get a thorough training in this abstract and 
axiomatic way of thinking, if he is ever to understand what is currently 
going on in mathematical research. This volume aims to help the student 
to build up this “intuition of the abstract” which is so essential in the mind 
of a modern mathematician. 

It is clear that students must have a good working knowledge of 
classical analysis before approaching this course. From the strictly logical 
point of view, however, the exposition is not based on any previous 
knowledge, with the exception of: 

1. The first rules of mathematical logic, mathematical induction, and 
the fundamental properties of (positive and negative) integers. 

2. Elementary linear algebra (over a field) for which the reader may 
consult Halmos [14], Jacobson [16} or Bourbaki [4]; these books, however, 
contain much more material than we will actually need (for instance we 
shall not use the theory of duality and the reader will know enough if 
he is familiar with the notions of vector subspace, hyperplane, direct sum, 
linear mapping, linear form, dimension, and codimension). 

In the proof of each statement, we rely exclusively on the axioms and 
on theorems already proved in the text, with the two exceptions just 
mentioned. This rigorous sequence of logical steps is somewhat relaxed 
in the examples and problems, where we will often apply definitions or 
results which have not yet been (or even will never be) proved in the text. 

There is certainly room for a wide divergence of opinion as to what 
parts of analysis a student should learn during his first graduate year. 
Since we wanted to keep the contents of this book within the limits of what 
can materially be taught during a single academic year, some topics had 
to be eliminated. Certain topics were not included because they are too 
specialized, others because they may require more mathematical maturity 
than can usually be expected of a first-year graduate student or because 
the material has undoubtedly been covered in advanced calculus courses. 
If we were to propose a general program of graduate study for mathemati- 
cians we would recommend that every graduate student should be expected 
to be familiar with the contents of this book, whatever his future field 
of specialization may be. 

I would like to express my gratitude to the mathematicians who have 
helped me in preparing these lectures, especially to H. Cartan and 
N. Bourbaki, who allowed me access to unpublished lecture notes and 
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manuscripts, which greatly influenced the final form of this book. My 
best thanks also go to my colleagues in the Mathematics Department of 
Northwestern University, who made it possible for me to teach this course 
along the lines I had planned and greatly encouraged me with their construc- 
tive criticism. 


April, 1960 
J. DIEUDONNE 


ERRATA 
p- 40, 18th line from top: ‘a d’ should read ‘and.’ 


p. 169, 12th line from bottom should read: 


that for each » the derivative f,,(0) exist and that there exist a number 4 > 0 
and a number 6 >0 such that, for any ¢ such that |¢| < 6, |f,(t) — f,(0)|< A|¢| 
for every n. 


p. 174, 13th line from top: the ‘p’ following ‘ax’ should be a superscript. 


p. 189, 18th line from bottom should read: 


where all the f, are indefinitely differentiable and f)() = /(0,...,0). 
p. 207, 6th line from bottom: change ‘these values’ to ‘small values.’ 
p. 232, 9th line from top: place a colon after ‘follows.’ 


p. 311, paragraph 2) should read: 


2) Let u,v be two elements of Y(E), where E is a complex Banach space. Show 
that, with the notations of problem 1, the intersections of S(uv) and S(vu) with C — {0} 
are equal. (Observe that if /,g are two elements of Y(E) such that 1 — fg is 
invertible, and hk = (1 — fg)—1, then 1 -++ ghf is the inverse of 1 — ef.) 


p. 384-335, delete the last 8 lines on page 334 and the first 7 lines on page 335. 


viii 


Contents 


PREFACE 
NOTATIONS 


Chapter | ELEMENWS OF THE IimMEORYT OF SEis 


1. Elements and sets. 2. Boolean algebra. 3. Product of two sets. 
4. Mappings. 5. Direct and inverse images. 6. Surjective, injective, 
and bijective mappings. 7. Composition of mappings. 8. Families 
of elements. Union and intersection of families of sets. 9. Denu- 
merable sets. 


Chapter Il REAL NUMBERS 


1. Axioms of the real numbers. 2. Order properties of the real 
numbers. 3. Least upper bound and greatest lower bound. 


Chapter Ill METRIC SPACES 


1. Distances and metric spaces. 2. Examples of distances. 3. Iso- 
metries. 4. Balls, spheres, diameter. 5. Open sets. 6. Neighborhoods. 
7, Interior of a set. 8. Closed sets, cluster points, closure of a set. 
9, Dense subsets; separable spaces. 10. Subspaces of a metric space. 
11. Continuous mappings. 12. Homeomorphisms. Equivalent 
distances. 13. Limits. 14. Cauchy sequences, complete spaces. 
15. Elementary extension theorems. 16. Compact spaces. 17. Compact 
sets. 18. Locally compact spaces. 19. Connected spaces and connected 
sets. 20. Product of two metric spaces. 


Chapter IV ADDITIONAL PROPERTIES OF THE REAL LINE . 


1. Continuity of algebraic operations. 2. Monotone functions. 
3. Logarithms and exponentials. 4. Complex numbers. 5. The Tietze- 
Urysohn extension theorem. 


Chapter V NORMED SPACES 


1. Normed spaces and Banach spaces. 2. Series in a normed space. 
3. Absolutely convergent series. 4. Subspaces and finite products of 
normed spaces. 5. Condition of continuity of a multilinear mapping. 
6. Equivalent norms. 7. Spaces of continuous multilinear mappings. 
8. Closed hyperplanes and continuous linear forms. 9. Finite dimen- 
sional normed spaces. 10. Separable normed spaces. 


Chapter VI HILBERT SPACES: 5 & 0 & Oo ee eS 
1. Hermitian forms. 2. Positive hermitian forms. 3. Orthogonal 
projection on a complete subspace. 4. Hilbert sum of Hilbert spaces. 
5. Orthonormal systems. 6. Orthonormalization. 


IDS 


X1 


26 


87 


lil 


x CONTENTS 


Chapter VIl SPACES OF CONTINUOUS FUNCTIONS . 


1. Spaces of bounded functions. 2. Spaces of bounded continuous 
functions. 3. The Stone-Weierstrass approximation theorem. 
4. Applications. 5. Equicontinuous sets. 6. Regulated functions. 


Chapter VII| DIFFERENTIAL CALCULUS 


1. Derivative of a continuous mapping. 2. Formal rules of derivation. 
3. Derivatives in spaces of continuous linear functions. 4. Derivatives 
of functions of one variable. 5. The mean value theorem. 6. Applica- 
tions of the mean value theorem. 17. Primitives and integrals. 
8. Application: the number é. 9. Partial derivatives. 10. Jacobians. 
11. Derivative of an integral depending on a parameter. 12. Higher 
derivatives. 13. Differential operators. 14. Taylor’s formula. 


Chapter IX ANALYTIC FUNCTIONS 


1. Power series. 2. Substitution of power series in a power series. 
3. Analytic functions. 4. The principle of analytic continuation. 
5. Examples of analytic functions; the exponential function; the 
number a. 6. Integration along a road. 7. Primitive of an analytic 
function in a simply connected domain. 8. Index of a point with 
respect to a circuit. 9. The Cauchy formula. 10. Characterization 
of analytic functions of complex variables. 11. Liouville’s theorem. 
12. Convergent sequences of analytic functions. 13. Equicontinuous 
sets of analytic functions. 14. The Laurent series. 15. Isolated singular 
points; poles; zeros; residues. 16. The theorem of residues. 17. Mero- 
morphic functions. 


Appendix to Chapter IX. APPLICATION OF ANALYTIC FUNC- 
TIONS TO PLANE TOPOLOGY : 


1. Index of a point with respect to a loop. 2. Essential mappings 
in the unit circle. 3. Cuts of the plane. 4. Simple arcs and simple 
closed curves. 


Chapter X EXISTENCE THEOREMS . 


1. The method of successive approximations. 2. Implicit functions. 
3. The rank theorem. 4. Differential equations. 5. Comparison of 
solutions of differential equations. 6. Linear differential equations. 
7. Dependence of the solution on parameters. 8. Dependence of the 
solution on initial conditions. 9. The theorem of Frobenius. 


Chapter Xl ELEMENTARY SPECTRAL THEORY 


1. Spectrum of a continuous operator. 2. Compact operators. 
3. The theory of F. Riesz. 4. Spectrum of a compact operator. 
5. Compact operators in Hilbert spaces. 6. The Fredholm integral 
equation. 7. The Sturm-Liouville problem. 


REFERENCES . 
INDEX 


126 


141 


Het 


259 


308 


353 
355 


Notations 


In the following definitions the first digit refers to the number of the chapter in 
which the notation occurs and the second to the section within the chapter. 


= equals: 1.1 

Ze is different from: 1.1 

2 is an element of, belongs to: 1.1 

€ is not an element of: 1.1 

Cc is a subset of, is contained in: 1.1 

=) contains: 1.1 

¢ is not contained in: 1.1 

Tete aa the set of elements of X having property P: 1.1 
3) the empty set: 1.1 

{a} the set having a as unique element: 1.1 
P(X) the set of subsets of X: 1.1 

Pot. «, GY complement or VY in x: 2 

U union: 1.2 

n intersection: 1.2 

(a,b) ordered pair: 1.3 

Plc, Prac first and second projection: 1.3 

eo Y product of two sets: 1.3 

hep are product ot wesets, 1.3 

pr; 2 ith projection: 1.3 

x product of 7 sets equal to X: 1.3 

F(x) value of the mapping F at x: 14 

Wo, CPOE set of mappings of X into Y: 1.4 

ge ee NS) mapping: 1.4 

F(A) direct image: 1.5 

at) inverse image: 1.5 

ety) inverse image of a one element set {y}: 1.5 
as natural injection: 1.6 

it inverse mapping of a bijective mapping: 1.6 
GoF composed mapping: 1.7 

ner family: 1.8 

N set of natural integers: 1.8 
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et ay set of elements of a finite sequence: 1.8 

DUE Us union of a family of sets: 1.8 

Ae a 

MAn, 1A; intersection of a family of sets: 1.8 

AeL A 

R set of real numbers: 2.1 

Rese sum of real numbers: 2.1 

xy product of real numbers: 2.1 

0 element of R: 2.1 

—% opposite of a real number: 2.1 

I element of K: 2.1 

heer lies inverse in R: 2.1 

ye a order relation in R: 2.1 

HEY, VS relation in R: 2.1 

Ja,b[, [a,b], [@,6[, Ja,b] intervals in R: 2.1 

ie R* set of real numbers 20 (resp. > 0): 2.2 

Ese a= absolute value, positive and negative part of a real 
number: 2.2 

Q set of rational numbers: 2.2 

Z set of positive and negative integers: 2.2 


[u.b. &, sup x least upper bound of a set: 2.3 
Pale or mt x greatest lower bound of a set: 2.3 


sup f(x), inf f(x) supremum and infimum of / in A: 2.3 
xEA caw e¥ 


R extended real line: 3.3 

-+ 00, —oo points at infinity in R: 3.3 
key order relation in R: 3.3 
a(A,B) distance of two sets: 3.4 


B(a;7), B’(a;7r), S(a;r) open ball, closed ball, sphere of center a and 
radius 7: 3.4 


6(A) diameter: 3.4 
A INteMGinwas 7 
A closure: 3.8 
Fr(A) frontier: 3.8 
lim f(x) limit of a function: 3.13 
x—>a, xEA 
Iban 3, limit of a sequence: 3.13 
n—> © 
Qa; f) oscillation of a function: 3.14 
log, x logarithm of a real number: 4.3 


a exponential of base a (x real): 4.3 
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set of complex numbers: 4.4 

sum, product of complex numbers: 4.4 

elements of €: 4.4 

real and imaginary parts: 4.4 

conjugate of a complex number: 4.4 

absolute value of a complex number: 4.4 

sum and product by a scalar in a vector space: 5.1 
element of a vector space: 5.1 

norm: 95.1 


sum of a series, series: 5.2 
sum of an absolutely summable family: 5.3 


space of sequences tending to 0: 5.3, prob. 5 
space of linear continuous mappings: 5.7 

norm of a linear continuous mapping: 5.7 

space of multilinear continuous mappings: 5.7 
space of absolutely convergent series: 5.7, prob. L 
space of bounded sequences: 5.7, prob. 1 

scalar product: 6.2 

orthogonal projection: 6.3 

Hilbert spaces of sequences: 6.5 


BAA), By(A), B(A) spaces of bounded mappings: 7.1 


@,(E) 

CFE) 
f(x+), fx) 
f(a), Di(x9) 
oD; 

filo), D4 f(a) 
£(), D_{(B) 
f2 18) dé 


e, exp (x), log x 


space of continuous mappings: 7.2 
space of bounded continuous mappings: 7.2 


limits to the right, to the left: 7.6 
(total) derivative at x): 8.1 
derivative (as a function): 8.1 
derivative on the right: 8.4 
derivative on the left: 8.4 
integral: 8.7 

(teal) 3.3 


D, (41,42), Dpf(a1,42) partial derivatives: 8.9 
jd Giocadss) OM SiMsie .,€,) partial derivatives: 8.10 
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jacobian: 8.10 


f'"(%»), D2f(%—), f(x»), D?f(%) higher derivatives: 8.12 
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regularization: 8.12, prob. 2 
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space of p times continuously differentiable mappings: 
8.13 

(a composite index): 8.13 

(encomplex|@n 00 

sine and cosine: 9.5 

9.5 


(1+ 2)’  (z,£ complex numbers): 9.5, prob. 8 


opposite path: 9.6 

juxtaposition of paths: 9.6 

integral along a road: 9.6 

index with respect to a circuit: 9.8 
primary factor: 9.12, prob. I 

gamma function: 9.12, prob. 2 

Euler’s constant: 9.12, prob. 2 

integral along an endless road: 9.12, prob. 2 
order of a function at a point: 9.15 
algebra of operators: 11.1 

composed operator: 11.1 

identity operator: 11.1 

spectrum: I11.1 

elgenspace: 11.1 

continuous extension: 11.2 

F(A;u) subspaces attached to an eigenvalue of a 
compact operator: 11.4 

order of an eigenvalue: 11.4 

adjoint operator: 11.5 


Chapter | 


Elements of the Theory of Sets 


We do not try in this chapter to put set theory on an axiomatic basis ; 
this can however be done, and we refer the interested reader to Kelley [18] 
and Bourbaki [3] for a complete axiomatic description. Statements 
appearing in this chapter and which are not accompanied by a proof or 
a definition may be considered as axioms connecting undefined terms. 

The chapter starts with some elementary definitions and formulas 
about sets, subsets and product sets (1.1 to 1.3); the bulk of the chapter 
is devoted to the fundamental notion of mapping, which is the modern 
extension of the classical concept of a (numerical) function of one or several 
numerical ‘‘variables”. Two points related to this concept deserve some 


comment: 


a) The all-important (and characteristic) property of a mapping is 
that it associates to any ‘‘value”’ of the variable a simgle element; in other 
words, there is no such thing as a “multiple-valued” function, despite 
many books to the contrary. It is of course perfectly legitimate to define 
a mapping whose values are subsets of a given set, which may have more 
than one element; but such definitions are in practice useless (at least 
in elementary Analysis), because it is impossible to define in a sensible way 
algebraic operations on the ‘‘values’”’ of such functions. We return to this 


question in chapter IX. 


b) The student should as soon as possible become familiar with the 
idea that a function f is a single object, which may itself “vary” and is 
in general to be thought of as a “‘point”’ in a large “functional space’’ ; 
indeed, it may be said that one of the main differences between the 
classical and the modern concepts of Analysis is that, in classical mathemat- 
ics, when one writes f(x), / is visualized as “fixed” and x as “‘variable’’, 
whereas nowadays both { and x are considered as ‘‘variables’”’ (and sometimes 
it is x which is fixed, and f which becomes the “varying” object). 
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I. ELEMENTS OF THE THEORY OF SETS 


The last section (1.9) gives the most elementary properties of denu- 
merable sets: this is the beginning of the vast theory of “‘cardinal 
numbers” developed by Cantor and his followers, and for which the 
interested reader may consult Bourbaki ({3], chap. HI) or (for more 
details) Bachmann [2]. It turns out, however, that, with the exception 
of the negative result that the real numbers do not form a denumerable set 
(see (2.2.17)), one very seldom needs more than these elementary properties 
in the applications of set theory to Analysis. 


1. Elements and sets 


We are dealing witl objects, some of which are called sets. Objects 
are susceptible of having properties, or relations with one another. Objects 
are denoted by symbols (chiefly letters), properties or relations by combina- 
tions of the symbols of the objects which are involved in them, and of 
some other symbols, characteristic of the property or relation under consid- 
eration. The relation x = y means that the objects denoted by the symbols 
x and y are the same; its negation is written x + y. 

If X is a set, the relation x € X means that x is an element of the set X, 
or belongs to X; the negation of that relation is written x ¢ X. 

If X and Y are two sets, the relation X C Y means that every element 
of X is an element of Y (in other words, it is equivalent to the relation 
(Vx\(xeX=>xEY)); we have XCX, and the relation (XCY and 
YeZ) implies XCZ. If XE Y and YE X, then Xo Y,imeother words, 
two sets are equal if and only if they have the same elements. If XCY, 
one says that X is contained in Y, or that Y contains X, or that X is a 
subset of Y; onealso writes YD X. The negationof X C Y is written X ¢ Y. 

Given a set X, and a property P, there is a unique subset of X whose 
elements are all elements x € X for which P(x) is true; that subset is 
written {% € X|P(x)}. The relation {x € X|P(x)} ¢ {~ € X|Q(x)} is equivalent 
to (Vx e X)(P(x) > Q(x)); the relation {x € X|P(x)} = {x e X|Q(x*)} is 
equivalent to (Wx € X)(P(x) = Q(x)). We have, for instance, 
X={xeX|x = x) and X ={ve X|ve XY The set Op — 4c Ne) 
is called the empty subset of X; it contains no element. If P is any property, 
the relation x EO, = P(x) is true for every x, since the negation of x € Oy 
is true for every x (remember that Q =P means ‘‘not Q or P’’). Therefore, 
if X and Y are sets, x EM, implies x € Oy, in other words O, CWy, and 
similarly 0, C@,, hence OG, = Oy, all empty sets are equal, hence noted J. 

If a is an object, the set having @ as unique element is written {a}. 
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If X is a set, there is a (unique) set the elements of which are all subsets 
of X; it is written 2(X). We have 0 € P(X), X € P(X); the relations 
xéEX, {x}e P(X) are equivalent; the relations YCX, YeP(X) are 
equivalent. 


PROBLEM 


Show that the set of all subsets of a finite set having » elements (x > 0) is a finite 
set having 2” elements. 


2. Boolean algebra 


If X,Y are two sets such that YC X, the set {x € X|x ¢ Y} is a subset 
of X called the difference of X and Y or the complement of Y with respect 
to X, and written X — Y or (, Y (or ( Y when there is no possible 
confusion). 

Given two sets X,Y, there is a set whose elements are those which belong 
to both X and Y, namely {x Ee X|x € Y}; it is called the intersection of 
X and Y and written XN Y. There is also a set whose elements are those 
which belong to one at least of the two sets X,Y; it is called the union of 
X and Y and written XU Y. 

The following propositions follow at once from the definitions: 


2s) X—X=490, X—G=X. 
(eo 2) Ye US ae OS XnX=X. 
(lez 3) PUNY UX, xn Y= Yin xe 


(1.2.4) Therelations XCY, XUY=Y, XNY = Xare equivalent. 
(1.2.5) XCXUY, XAYCX. 
(1.2.6) The relation “XCZ and YCZ” is equivalent to XUYCZ; 
thestelation 2¢ X and Ze Y™ is equivalent to Ze XM Y. 
(1.2.7) MU(Y UZ) =(XUY)UZ, written XUY UZ. 
XNA(YNZ)=(XNY)NZ, written XN YNZ. 
(1.2.8) XU(YNAZ) =(XUY)N(XUZ) 


XA(YUZ)=(XNY)U(XNZ) (distributivity). 


4 I. ELEMENTS OF THE THEORY OF SETS 
(229) For subsets X,Y of a set E (with € written for (,) 


ea( hee) 
Cxuy=(Xn€y, Cikny=C€x4)vCyY. 


The relations XC Y, XD{ Y are equivalent; the relations XN Y = Q, 
Mey, ¥c(X are equivalent, the 1latiency 0G Xs 
( Y CX are equivalent. The union {x}U {y} is written {x,y}; similarly, 
{x} U{y}U {z} is written {x,y,z}; etc. 


3. Product of two sets 


To any two objects a,b corresponds a new object, their ordered pair 
(@,0); the relation (4,5) = (40) 1s equivalent to” @—=.7 sanudmce sa. 
in particular, (a,b) = (b,a) if and only if a= 6. The first (resp. second) 
element of an ordered pair c = (a,b) is called the first (resp. second) projection 
Olec and; wiitlenidi— pipe esp 0s piate 

Given any two sets X,Y (distinct or not), there is a (unique) set the 
elements of which are all ordered pairs (x,y) such that xe X and ye Y; 
it is written X x Y and called the cartesian product (or simply product) 
of X and Y. 

To a relation R(x,y) between x € X and ye Y is associated the property 
R(pr, 2, pr, z) ofz EX xX Y; the subset of X x Y consisting of the elements 
for which this property is true is the set of all pairs (x,y) for which R(x,y) 
is true; it is called the graph of the relation R. Any subset G of X x Y 
is the graph of a relation, namely the relation (x,y) eG. If X’C X, Y’CY, 
the graph of the relation ‘we X’ and ye Y’” is X’ x Y’. 

The following propositions follow at once from the definitions: 


(l3-1)” The relation X x ¥ = 1s equivalent (on 0 "(ome tne 
(1.3.2) If X x Y ~@ (which means that both X and Y are non-empty), 
the relation X’ x Y’C X x Y is equivalent to 
1 Gi Srand 4a nee 
(e323) (Xx Y) OO Oe ee ae 


(1.3.4) ee ae <r) — Cam) & ea). 
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Hite prodiict Gi itanee sets XY Z1sdelincd as X XY X Z—(X & Y) XZ, 
and the product of sets is similarly defined by induction: 
ee oe ee eX x XX X,. An element 2 of 


ee So Et Cem(a e, imsteadlol ((-- 3(4,,%),%.)-. 4, 4)%,) 
*; is the 1-th projection of z, and is written x, = pr,zforl<i<un. 
i  Weewmite 2 insteadmot x 
nm times. 

4. Mappings 


Let X,Y be two sets, R(x,y) a relation between xe X and ye Y; 
R is said to be functional in y, if, for every x € X, there is one and only one 
yeéY such that R(x,y) is true. The graph of such a relation is called a 
functional graph in X X Y; such a subset F of X x Y is therefore char- 
acterized by the fact that, for each x € X, there is one and only one y € Y 
such that (¥,y) € F; this element y is called the value of F at x, and written 
F(x). A functional graph in X x Y is also called a mapping of X into Y, 
or a function defined in X, taking tts values in Y. It is customary, in the 
language, to talk of a mapping and a functional graph as if they were two 
different kinds of objects in one-to-one correspondence, and to speak 
therefore of “the graph of a mapping,” but this is a mere psychological 
distinction (corresponding to whether one looks at F either “geometrically” 
or “‘analytically’’). In any case, it is fundamental, in modern mathematics, 
to get used to considering a mapping as a simgle object, just as a point or 
a number, and to make a clear distinction between the mapping F and any 
one of its values F(x); the first is an element of B(X x Y), the second an 
element of Y, and one has F = {(x,y) eX x Y|y = F(x)}. The subsets 
of X x Y which have the property of being functional graphs form a 
subset of B(X x Y), called the set of mappings of X into Y, and written 
Ne one, V). 


Examples of mappings. (1.4.1) If 6 is an element of Y, X x {5} 
is a functional graph, called the constant mapping of X into Y, with the 
value 0; it is essential to distinguish it from the element 6 of Y. 


(1.4.2) For Y =X, the relation y = x is functional in y; its graph is 
the set of all pairs (x,x), and is called the diagonal of X x X, or the identity 
mapping of X into itself. 
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If, for every x € X, we have constructed an object T(x) which is an 
element of Y, the relation y = T(x) is functional in y; the corresponding 
mapping is written x + T(x). This is of course the usual definition of a 
mapping; it coincides essentially with the one given above, for if F is a 
functional graph, it is the mapping « + F(x). Examples (1.4.1) and (1 2) 
are written respectively x > b and x >. Other examples: 


(1.4.3) The mapping Z > X — Z of $(X) into itself. 


(1.4.4) The mappings z > pr, z of X x Y into X, and z — pry z Ola 
into Y, which are called respectively the first and second projectionin X X Y. 


From the definition of equality of sets (1.1) it follows that the relation 
F = G between two mappings of X into Y is equivalent to the relation 
Oe 9G) slowses cle c. 

If A is a subset of X, F a mapping of X into Y, the set FN(A xX Y) 
is a functional graph in A X Y, which, as a mapping, is called the restriction 
of F to A; when F and G have the same restriction to A (i.e. when 
F(x) = G(x) for every x-e A) they are said to coincide in A. A mapping F 
of X into Y having a given restriction F’ to A is called an extension of F’ 
to X; there are in general many different extensions of F’. 

We will consider as an axiom (the ‘‘axiom of choice’’) the following 
proposition: 


(1.4.5) Given a mapping F of X into P(Y), such that F(x) 4 © for every 
x EX, there exists a mapping f of X into Y such that f(x) € F(x) for every 
eas 


It can sometimes be shown that a theorem proved with the help of the 
axiom of choice can actually be proved without using that axiom. We 
shall never go into such questions, which properly belong to a course 
in logic. 


5. Direct and inverse images 


Let F be a mapping of X into Y. For any subset A of X, the subset 
of Y defined by the property ‘“‘there exists xe A such that y = F(x)” 
is called the zmage (or direct image) of A by F and written F(A). 

We have: 


(1.5.1) F(A) = pr, (F(A x Y)). 
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(1.5.2) The relation A @ is equivalent to F(A) 4. 
(1.5.3) F({x}) = {F(x)} for every xe X. 

(1.5.4) The relation ACB implies F(A) ¢ F(B). 
(1.5.5) F(AN B)c F(A) n F(B). 

(1.5.6) F(AU B) = F(A) U F(B). 


For F(A) c F(A U B) and F(B) C F (A U B) by (1.5.4). On the other hand, 
if ye F(AUB), there is x e AUB such that y = F(x); as xE A or xEB, 
we have ye F(A) or ye F(B). 

Examples in which F(ANB) 4 F(A)NF(B) are immediate (take for 
instance for F the first projection pr, of a product). 


For any subset A’ of Y, the subset of X defined by the property F(x) € A’ 
is called the inverse image of A’ by F and written F—1(A’). We have: 


(liae7) Bes Agere Mek) 

(eS. O ee (iter (2s) ton (ye | XO) is true teneveryex = x: 
(1.5.9) F—1(@) = @ (but here one may have F~1(A’) = @ for non-empty 
‘subsets A’, namely those for which A’N F(X) = 9). 


(125.10) The relation A’CB’ implies F~1(A’} CF-\(B’). 


(1.5.11) F-(A’ 0B’) = F-1(A’) n F-(B)). 
(1.5.12) F-1(A’ U B’) = F-(A’) u F-4(B’). 
(1.5.13) ee (A) BB aA) 


Notice the difference between (1.5.11) and (1.5.5). If BcAcxX, 
one has by (1.5.6) F(A) = F(B) U F(A — B), hence F(A —B) 5 F(A) — F(B); 
but there is no relation between F(X — A) and Y — F(A). 

The set F-1({y}) is also written F~'(y); F(x) = y is thus equivalent 
to x € F-1{y). 

We have: 

(ies a) Phe! (A) ee i tor GY’, 


(1.5.15) F-F(A)) DA for AcX. 
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Finally, we note the special relations in a product: 


(1.5.16) pr,;*(A)=AXY for any ACX; pis (A = as lon 
any en CY. 


leeiel 7) Zc pr, (Z) X pr,(Z) for every ZCX X Y. 


PROBLEMS 


1) Give an example of two subsets AD B in X and of a mapping F such that 
F(A — B) # F(A) — F(B). 

2) Give examples of mappings F : X > Y and subsets A X such that: 

a) F(X — A)CY — F(A); b) F(X — A)OY — F(A); c) neither of the sets 
F(X — A), Y — F(A) is contained in the other (one can take for X and Y finite sets, 
for instance). 

3) For any subset G of a product X x Y, any subset AC X, any subset A’C Y, 
write G(A) = pr, (GN(A X Y)) and G7(A’) = pr, (GN (X X AN), IO HIE OS, 
yEY, write G(x) (resp. G—1(y)) instead of G({*}) and G—l({y}). Prove that the 
following four properties aré equivalent: 

a) G is the graph of a mapping of a subset of X into Y. 

b) For any subset A’ of Y, G(G7~*(A’)) CA’. 

c) For any pair of subsets A’,B’ of Y, G7'NA’N B) = GTA) n G7(B). 

d) For any pair of subsets A’,B’ of Y such that A’N B’ = 0, we have 
GTA N GHB’) = ©. 

[Hint: show that when a) is not satisfied, b), c) and d) are violated. ] 


6. Surjective, injective and bijective mappings 


Let F be a mapping of X into Y. F is called surjective (or onto) or a 
surjection if F(X) = Y, i.e, if for every y € Y, there is (at least) one EX 
such that y = F(x). F is called injective (or one-to-one) or an injection if 
the relation F(x) = F(x’) implies x = x’. F is called b1jective (or a bijection) 
if it is both injective and surjective. Any restriction of an injective mapping 
is injective. 

Any mapping F of X into Y can also be considered as a mapping of X 
into F(X); it is then surjective, and if it was injective (as a mapping of 
X into Y), it is bijective as a mapping of X into F(X). 


Examples. (1.6.1) If A is a subset of X, the restriction to A of the 
identity mapping x — x is an injective mapping j,, called the natural 
injection of A into X; for any subset B of X, 7, '(B) = BMA. 
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(1.6.2) If F is any mapping of X into Y, the mapping x > («,F(x)) is an 
injection of X into X x Y. 


(1.6.3) The projections pr, and pr, are surjective mappings of X x Y 
into X and Y respectively. 


(1.6.4) The identity mapping of any set is bijective. 
(1.6.5) The mapping Z — X — Z of (X) into itself is bijective. 


(1.6.6) If Y = {b} is a one element set, the mapping x — (x,5) of X into 
X xX {b} is bijective. 


(1.6.7) The mapping (x,y) -» (y,x) of X x Y into Y x X is bijective. 


Ii Fis injective, then Fi (A)) = Aiorany A CX; 11 F is surjective, 
Ciene (he (A Nees tor any AS 

If F is bvjective, the relation y = F(x) is by definition a functional relation 
in x; the corresponding mapping of Y into X is called the inverse mapping 


= 
of F, and written F or F } (this mapping is not defined if F is not 
bijective!). The relations y = F(x) and x = F—1(y) are thus equivalent; 
F-! is bijective and (F-1)-1 = F. For each subset A’ of Y, the direct 
image of A’ by F—! coincides with the inverse image of A’ by F, hence the 
notations are consistent. 


PROBLEM 


Let F be a mapping X + Y. Show that the following properties are equivalent: 
a) Fis injective; b) for any subset A of X, F—1(F(A)} = A; c) for any pair of subsets 
A,B of X, F(An B) = F(A) nN F(B); d) for any pair of subsets A,B of X such that 
AnB = ©, F(A) n F(B) = ©; e) for any pair of subsets A,B of X such that BCA, 
F(A — B) = F(A) — F(B). 


7. Composition of mappings 


Let X,Y,Z be three sets, F a mapping of X into Y, G a mapping of 
Y into Z. Then x — G(F(x)) is a mapping of X into Z, which is said to be 
composed of G and F (in that order) and written H = GoF. One has 


(1.7.1) H(A) = G(F(A)) for any ACX. 


(1.7.2) H-W(A") = F-G-1A") for any A” CZ. 
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If both F and G are injective (resp. surjective, bijective), then H = GoF 
is injective (resp. surjective, bijective) ; if F and G are bijections, then 
H-! — F-'»G-. If F is a bijection, then FoF is the identity mapping 
of X, and FoF-! the identity mapping of Y. 

Let T be a set, F, a mapping of X into Y, F, a mapping of Y 
into Z, F, a mapping of Z into T. Then Fyo(FyoF,) = (FyoF,)oF, by defini- 
tion; it is a mapping of X into T, also written F, oF,oF,. Composition 
of any finite number of mappings is defined in the same way. 


PROBLEMS 


1) Let A,B,C,D be sets, f a mapping of A into B, g a mapping of B into C, ha 
mapping of C into D, Show that if gof and hog are bijective, f,g,h are all bijective. 

2) Let A,B,C be sets, f a mapping of A into B, ga mapping of B into C, h a mapping 
of C into A. Show that if, among the mappings hoge/, gefoh, fehog, two are surjective 
and the third injective, or two are injective and the third surjective, then all three 
mappings /,g,2 are bijective. 

3) Let F be a subset of X x Y, G a subset oy WY XE OS. ee the notations of 
Problem 3 * ae 14.5, suppose that for any +E X, G(F(*)) = {%} and for any 
yEY, F(G(y)) = {y}. Show that F is the graph of a bijection a X onto Y and G 
the graph of i inverse of F. 

4) Let X,Y be two sets, f an injection of X into Y, g an injection of Y into %. 
Show that there exist two subsets A,B of X such that B= X — A, two subsets 
A‘,B’ of Y such that B’ = Y — A’, and that A’ = f(A) and B= g(B’). [Let 
R = X — ¢(Y), and h = gof; take for A the intersection of all subsets M of X such 
that M3 Rv A(M)]. 


8. Families of elements. Union and intersection of families of sets. 


Let L and X be two sets. A mapping of L into X is sometimes also 
called a family of elements of X, having L as set of indices, and it is written 
A > x4, or (x,),¢;, oF simply («,) when no confusion can arise. The most 
important examples are given by sequences (finite or infinite) which cor- 
respond to the cases in which L is a finite or infinite subset of the set N 
of integers > 0. 

Care must be taken to distinguish a family (x,),-, of elements of X 
from the subset of X whose elements are the elements of the family, which 
is the image of L by the mapping A > x,, and can very well consist only 
of one element; different families may thus have the same set of elements. 

For any subset MCL, the restriction to M of A +x, is called the 
subfamily of (x,),e, having M as set of indices, and written (*,),em- 


8. FAMILIES OF ELEMENTS ll 


For a finite sequence (%,)) <;<,, the set of elements of that sequence is 
SyiEDive Time Aya onan .,*,}3 similar notations may be used for the set of 
elements of any finite or infinite sequence. 

If (A,),e, is a family of subsets of a set X, the set of elements xe X 
such that there exists a A € L such that x € A, is called the union of the 
family (A,),-,, and written LJ A, or LJ A,; the set of elements xe X 


AeL a 
such that x € A, for every A€L is called the intersection of the family 


(A,);e, and written (] A, or (] Aj. When L = {1, 2}, the union and 
aeL a 


intersection are respectively A,U A, and A,N Ag. 
The following propositions are easily verified: 


(1.8.1) C( UA) =f1 CA) 


aeL 
(1 8.2) (U A,) n ( U Bs) = U (A, n B,) 
eL peM ApyelLxM 
(1.8.3) ( (1 A,) ¥ (11 B,) n (A, UB,) 
aeL ueM A,uyEeL XM 


(1.8.4) F(UA,) = U F(A,) if Fis a mapping of X into Y, and (Aj), ¢1 


AeL AeL 


is a family of subsets of X. 


(1.8.5) Pet (A, — U F-1(A;) 
(1.8.6) F-l 7) Ay) = M FOMA)) 
2€L AeL 


if F is a mapping of X into Y, and (A,),<, a family of subsets of Y. 
If B is a subset of X, a covering of B is a family (A,),-, of subsets of X 
such that BC LJ Aj. 


AeL 


PROBLEM 


Let (X,)) <i<n be a finite family of sets. For any subset H of the interval [1,7] 


of N, let Py = J X; and Qu = (| X; Let §, be the set of all subsets of [1,7] 
teH 1é€H 


having & elements; show that 


U On2> Ml Pu if 2k#<n+1 
He, Hed, 


U Qec fl Pu if 2ko>n+1. 
He & He, 
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9. Denumerable sets 


A set X is said to be equipotent to a set Y if there exists a bijection 
of X onto Y. It is clear that X is equipotent to X; if X is equipotent to 
Y, Y is equipotent to X; if X and Y are both equipotent to Z, X 1s 
equipotent to Y. A set is called denumerable if it is equipotent to the 
set N of integers. 


(1.9.1) Any subset of the set N of integers is finite or denumerable. 


For suppose A CN is infinite. We define a mapping > x, of N into A 
by the following inductive process: %9 is the smallest element Ol Agee veals 
the smallest element of the set A — {%,.. .,x, 1}, Which by assumption 
is not empty. This shows first that x, ~ x, for 7<m, hence m — x, is 
injective; let us prove in addition that x,< x, fort <_m. We use induction 
on 7 for fixed : we have %)< x, by definition of x,, and if x,< x, has 
been proved for 7 <4, then x,< +, by definition of %;, hence x;< x, 
since x, %,. Next, by induction on , it follows at once from the relation 
Meax, lone that <x or every 7, hence, if ae A, we havea < ~%,. 
Let m be the greatest integer < a such that x,,< a; if there existed an 
integer be A such that x,,<b<a, we would have x,,,<b<a by 
definition, which contradicts the definition of m; hence a is the smallest 
element of A — {xo,...,%,,$, in other words a = x,,,,, the mapping ”— x, 
is surjective; q.e.d. 


It follows from (1.9.1) that any subset of a denumerable set is finite 
or denumerable; such a set is also called at most denumerable. 


(1.9.2) Let A be a denumerable set, and f a mapping of A onto a set B. 
Then B ts at most denumerable. 


Let » a, be a bijection of N onto A; then » — f(a,) is a mapping 
of N onto B, and we can therefore suppose A = N. For each b € B, f(b) 
is not empty by assumption; let m(b) be its smallest element. Then 
{(m(b)) = 6, which shows at once that m is an injective mapping of B into N; 
m can be considered as a bijection of B onto m(B) CN, and by (1.9.1) m(B) 
is at most denumerable, q.e.d. 

We observe that if a set A is at most denumerable, there is always 
a surjection of N onto A; this is obvious if A isinfinite; if not, there is 
a biyection f/ of an interval 0 <1< m onto A, and one extends / toa 
surjection by putting g(z) = f(m) for n> m. 
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(1.9.3) The set N x N=N? is denumerable. 


We define an injection { of N x N into N by putting 


Kx,y) = (x + y)(*t y+ 1)/2+ y 


(“diagonal enumeration’”’; it turns out to be a bijection, but we don’t need 
that result). Indeed, if x-+ y=a, then (a+ 1)(a+2)/2=a+1+a(a+1)/2; 
henceifx + y<a' +", asy <a, f(x,y) <a+ala+V/2</(x,y"); and 
Oe) and yy 2) — 2.) = — y | hence 
(x,y) 4 (x’,y’) implies f(x,y) 4 f(x’,y’). We then apply (1.9.1). 


We say that a family (x,),., is denumerable (resp. at most denumerable) 
if the set of indices L is denumerable (resp. at most denumerable). 


(1.9.4) The union of a denumerable family of denumerable sets 1s denumerable. 


Let (A,),-;, be a denumerable family of denumerable sets; there is 
a bijection n> A, of N onto L, and for each AEL, a bijection » — /,(7) 


of N onto A,. Let A = |JA,, and consider the mapping (m,n) — f, (mm) 
AeL “3 


of N x N into A; this mapping is surjective, for if xe A,, there is an 
such that «¢ = A,, and an m such that x = /,(m) = fy (mm). The result now 


tollowseirom (1.9.3) and (1.9.2) since A is imfimite. 

The result (1.9.4) is still valid if the word “denumerable” is every- 
where replaced by “at most denumerable.’’ We have only to replace 
bijections by surjections in the proof, using the remark which follows 


eo.2). 
Finally, we consider the following result as an axiom: 


(1.9.5) Every infinite set contains a denumerable subset. 


PROBLEMS 


1) Show that the set 9}(N) of all finite subsets of N is denumerable (write it as a 
denumerable union of denumerable sets). 

2) Show that the set of all finite sequences of elements of N is denumerable (use 
problem 1); observe the distinction between a sequence and the set of elements of 
the sequence!). 

3) Prove the result of problem 4 in section 1.7 by the following method: let 
u = gf, uv =feg, and define by induction 4, and U, aS Uy = Uy — ot, Uy = U_—0U; 
then consider in X (resp. Y) the decreasing sequence of the sets u,(X) (resp. v,(Y)), 
and their images in Y (resp. X) by / (resp. g). 
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4) Show that in order that a set X be infinite, the following condition is necessary 
and sufficient: for every mapping f of X into itself, there exists a non empty subset 
A of X, such that A ~£ X and f(A) CA. (If f did not possess that property and X 
was infinite, show first that X would be denumerable, and that one could suppose 
that X = N and f(x) > for n> 0; show that this leads to a contradiction). 

5) Let E be an infinite set, D an at most denumerable subset of E such that E — D 
is infinite. Show that E — D is equipotent to E [use (1.9.4) and (1.9.5) to define a 
bijection of E onto E — Dj. 


Chapter || 


Real Numbers 


The material in this chapter is completely classical; the main difference 
with most treatments of the real numbers is that their properties are here 
derived from a certain number of statements taken as axioms, whereas 
in fact these statements can be proved as consequences of the axioms of 
set theory (or of the axioms of natural integers, together with some part 
of set theory, allowing one to perform the classical constructions of the 
“Dedekind cuts’ or the “Cantor fundamental sequences’). These proofs 
have great logical interest, and historically they helped a great deal in 
clarifying the classical (and somewhat nebulous) concept of the ‘‘con- 
tinuum’’. But they have no bearing whatsoever on Analysis, and it has 
not been thought necessary to burden the student with them; the interested 
reader may find them in practically any book on Analysis; for a partic- 
ularly lucid and neat description, see Landau [19]. 


1. Axioms of the real numbers 


The field of real numbers is a set R for which are defined: 1° two 
mappings (x,y) - x + y and (x,y) —~ xy from R X Rinto R; 2° a relation 
x <y (also written y > x) between elements of R, satisfying the four 
following groups of axioms: 


(I) R is a field, in other words: 
a ate (1-9) 1-2, 
2) 


(1.3) there is an element 0€R such that 0+ x =~ for every xER; 
15 
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(1.4) for each element «€ R, there is an element —xe€R such that 


xt(— x) =0; 

(1.5) x(yz) = (¥y)é; 

(oi. 

(1.7) there is an element 1} #0 in R such that 1: x = x for every x ER; 


(1.8) for each element x #0 in R, there is an element x-'e€R (also 


written 1/x) such that xx-! = 1; 
(1.9) x(y+ 2) = xy + 4X2. 


We assume that the elementary consequences of these axioms (“general 
theory of fields’) are known. 


(II) R is an ordered field. This means that the following axioms are 
satisfied: 


(11.1) x<y and y<z imply *<2z; 
(U2 oe yy andy sequivalentgta ss a: 
(II.3) for any two elements x,y of R, either x < y or y ae 


(ay nipliess 2 =) Gia, 
(11.5) O<-x* and O<y imply 0< xy. 


The relation ‘x < y and x # y” is written x < y, or y > %. For any 
pair of elements a,b of R such that a < 8, the set of real numbers x such 
that a << x <b is called the open interval of origin a and extremity b, and 
written ]a,o[; the set of real numbers x such that a < % <6 is called the 
closed interval of origin a and extremity b, and written [a,b] (for a = 8, the 
notation [a,a] means the one-point set {a}); the set of real numbers x 
such that a< «<b (resp. a<%</) is called a semi-open interval of 
origin a and extremity b, open at a (resp. b), closed at } (resp. a) and written 
a,b] (resp. [a,b[). The origin and extremity of an interval are also called 
“the extremities” of the interval. 


(III) R is an archimedean ordered field, which means that it satisfies the 
axiom of Archimedes: for any pair x,y of real numbers such that 0< %, 
0 < y, there is an integer » such that y< n° x, 
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(IV) R satisfies the axiom of nested intervals: Given a sequence ({a,,0,]) 
of closed intervals such that 4,<a,,, and b,,, <6, for every 2, the 
intersection of that sequence is not empty. 


2. Order properties of the real numbers 


ihe Telatione << ichequivalent'to <9) or 1 — 4)” 


(2.2.1) For any pair of real numbers x,y, one and only one of the three relations 
Pea i=, XY > 4) holds. 


This follows from (11.3) and (II.2), for if x + y, it is impossible that 
*<y and x > y hold simultaneously by (II.2). 


(2.2.2) The relations “x < y and y<z” and “x< y and y <2" both 
TI PLY <a 2. 


Eetbyelliethey imply 2<.2 and ii we had + — 7, then we would 
Reavesbethex = yand 7< * (or both »— y and y = %) which is absurd, 


(2.2.3) Any finite subset A of R has a greatest element b and a smallest 
giement a (1.6., @= % <0 for every xe A). 


We use induction on the number x of elements of A, the property being 
obvious for zm = 1. Let c be an element of A, B= A — ie} B has 2 — 1 
elements, hence a smallest element a’ and a greatest element 0’. If 
a’ <= c < b’, a’ is the smallest and }’ the greatest element of A; if 0’ <¢, 
cis the greatest and a’ the smallest element of A; if c < a’, c is the smallest 
and 6’ the greatest element of A. 


(2.2.4) If A is a finite subset of R having n elements, there is a unique bijec- 
tion f of the set I, of integers i such that 1 <i < n, onto A, such that f(t) < f(y) 
fort <q (f ts called the natural ordering of A). 


Use induction on 1, the result being obvious for 7 = 1. Let } be the 
greatest element of A (2.2.3), and B= A — {d}; let g be the natural 
ordering of B. Any mapping / of I, onto A having the properties stated 
abovermust be such that /(n) — 6, and therefore 7(/[(7j) = B; hence 7 
must coincide on I,_, with the natural ordering g of B, which shows / 
is unique; conversely, defining / as equal to gin I, _, and such that /(7) = 0, 
we see at once that f has the required properties. 
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(2.2.5) If (x,) and (y,) are two finite sequences of n real numbers (l <i <n) 
such that x, < y, for each 1, then 


Pepe eG eno oa eee Se ae seo ees joe 


If in addition x,< y, for one index 1 at least, then 
Mi cin og oe eee ae 


For 2 = 2 the assumptions imply successively by (11.4) 


Mi Ag Se Va de Xe ee Ves 


hence the first conclusion in that case; moreover, the relation x, + x,=¥,+ V2 
implies 4, %,—= 2+ V¥,—=9,--y,, Hence 4,—4, and 4,47) tromewinich 
our second statement follows. The proof is concluded by induction on n, 
applying the result just obtained for x = 2. 


(2.2.6) The relation x < y is equivalent to x+z2<y+2; same result 
when < is replaced by <., 


We already know by (11.4) that x < y implies x + 2< y+ 2; con- 
versely x > 2<.y-- 2 implies 4 2-2 (== 2) ye ee 
x <y. On the other hand, x + z= yz is equivalent to x = y. 


(2.2.7) Lhe velations 2 y, 0 = yey eee 
equivalent; same result with < replacing <. 


This follows from (2.2.6) by taking in succession z= — x, z= — y 
and z= — x%— y. 

Real numbers such that x > 0 (resp. x > 0) are called positive (resp. 
strictly positive); those which are such that x < 0 (resp. x < 0) are called 
negative (resp. strictly negative). The set of positive (resp. strictly positive) 
numbers is written R., (resp. Re): 


(2.28) 1) x1,...,%, 476 postive, so ise %,; moreover 
aie 45 p14, =O iless x — 4 rr en 

This is a special case of (2.2.5). 

In particular, « >0 (resp. x >0) is equivalent to n+ x >0 (resp. 
n+ x > 0) for any integer x > 0. 

For an interval of origin a and extremity 5, the positive number b — a 
is called the length of the interval. 
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(2.2.9) Let Jy,...,J, be n open intervals, no two of which have common 


points, and let I be an interval containing |_J J,; then, if l, is the length of J, 
k=1 


(I <k <n), I the length of I,  +1,4+...+14, <1. 


meme — 2,0| elena Poreach @-- 1, we haveeitherc, < d7< cc, 
or d, <c,<d,, otherwise J,N J, would not be empty. For » =1, the 
Plo peti wisminineaiite mice —.¢,-0 0, — 0, liencem —c) = — a, and 
ad, —c, = b — a. Use induction on #; let J,,... Dale. be the intervals contain- 
eduime jase yl, and lee : ale, 


p n—1—p 
X1,<4—a, 2 |, <b—d, by induction, and L+i+...4¢4= 
h= p= Il 


eee ee ye a ba 
h k 


ey, the intervals contained in ]d,,o[; then 


For any real number x, we define |x| as equal to x if x >0, to — x 


if « <0, hence |— x| = |x|; |x| is called the absolute value of x; Ei == 0 
is equivalent to x = 0. We write xt = (x + |«!)/2 (positive part of ~), 
%—- = (|x| — x)/2 (negative part of x) so that xt = x if x0, x" =0 if 
a0 Oe Oe il x = 0) and 4a — xe 


|) ae 


(2.2.10) If a > 0, the relation |x| <a is equivalent to —a<x <a, the 
relation |x| <a to —a<x<a., 


For if x > 0, x > — a is always satisfied and |x| < a (resp. |x| < a) is 
equivalent to x <a (resp. x <a); and if x <0, x <a is always satisfied 
and |x| <a (resp. |x| <a) is equivalent to — «<a (resp. — x <4). 


(2.2.11) For any pair of real numbers x,y, lx + y| < |x| + |y| and 
||| — lvl < | — 91- 


The first relation is evident by definition and from (2.2.8) when x,y 
are both positive or both negative. If for instance x CO <y, then 
ety Sy <y + |x] = |v] + [x], and 2+ y 22> —|yl=— |x| — yh, 
From the first inequality follows |x] = |y + (« — y)| <|y| + |x —y| and 
|= [xt (y —2)|<|a| + |y—a] whence —|x—yl <|x|—[y1<[x—y 

By induction, it follows ivomen( 2.2.11 \nae 


[xy + xe +... + %,| < [as] + [%o] +--+ [nl 
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(2.2.12) If 220, the yelation % 


IN IN 


y implies xz < 2. 
sy 


For by (2.2.7), * < y implies 0 
from (11.5). 


— x, hence 0 < 2z(y — x) = zy — 2% 


(2.2.13) The relations x < 0 and y > O imply xy <0; the relations x at) 
and y <Oimply xy > 0. Same results with < replaced by <<. In particular, 
x2 > 0 for any real number, and x*> 0 unless x = 0. 


The first statements follow from (II.5) and (— *)y=— (oe 
(Som the others hands 0 implies x = 0 or y= 0. 


(2.2.13) implies that |xy| = || - \y| for any pair of real numbers ~,¥. 

From (2.2.13) and (1.7) it follows that 1 = 12> 0, hence by (2.2.8), the 
real number 2-1 (1 added times) is > 0 for » > 0; this shows that the 
mapping x > - 1 of the natural integers into R is injective, and preserves 
order relations, addition and multiplication; hence natural integers are 
identified to real numbers by means of that mapping. 


(2.2.14) ee Oe = Oo 2 |), the relation x < y is equivalent to 
xz < yz. The relation 0<x<y is equivalent to O< ee, 


The first statement follows from the fact that xx! = 1>0, hence 
ra 0 by (2.2.13), thie second follows from the first and (2.2.12), since 
x = (xz)z-1, The third is an obvious consequence of the second. 

Real numbers of the form + 7/s, where 7 and s are natural integers, 
5 ~ 0, are called rational numbers. Those for which s = | are called integers 
(positive or negative) and the set of all integers is written ZL. 


(2.2.15) The set Q of rational numbers 1s denumerable. 


As Q is the union of QNR, and Qn(—R,), it is enough to prove 
QR, denumerable. But there is a surjective mapping (m,n) > m/n of 
the subset of N x N consisting of the pairs such that ” ~ 0, onto QNR,, 
hence the result by (1.9.2), (1.9.3) and (1.9.4). 


(2.2.16) Every open interval in R contains an infinite set of rational numbers. 


It is enough to prove that Ja,b[ contains one rational number c, for then 
Ja,c{ contains a rational number, and induction proves the final result. 
Let x =b—a>0; by (III) there is an integer » > 1/x, hence l/n < x 
by (2.2.14). We can suppose 6 > 0 (otherwise we consider the interval 
j]—b,—a[ with — a> 0). By (III) there is an integer & > 0 such that 
b<hk/jn; let h be the smallest integer such that b<h/n. Then (h—1)/n <0; 
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let us show that (4 — 1)/n> a; if not, we would have b ~a=x< jn 
by (2.2.9), contradicting the definition of x. 


(2.2.17) The set of real numbers is not denumerable. 


We argue by contradiction. Suppose we had a bijection > x, from 
N onto R. We define a subsequence » + p(n) of integers by induction 
in the following way: #(0) = 0, #(1) is the smallest value of such that 
X, >> %. Suppose that p(m) has been defined for » < 2m —1, and that 
X pam — 2) < Xpam—1)i then the set ] Xm 9) Xpam—al is infinite by (2.2.16), 
and we define p(2m) to be the smallest integer k > #(2m — 1) such that 
X pam —2)< %n< Xprem—1); then we define p(2m+ 1) as the smallest in- 
teger k > p(2m) such that Xp) << %%_< Xy(2m—1- it is immediate that 
the sequence (f(7)) is strictly increasing, hence f(z) > for all n. On 
the other hand, from the construction it follows that the closed interval 
[%p(0m)>Xp(2m +1) | 18 Contained in the open interval ] pom — 2) *piom— lb By 
(IV) there is a real number y contained in all closed intervals [%p(2m))Xp(om +1) | 
and it cannot coincide with any extremity, since the extremities of an 
interval do not belong to the next one. Let g be the integer such 
that y= x, and let » be the largest integer such that p(n) <q, 
hence g<f(n+1). Suppose first n=2m; then, the relation 
Xp(2m) < %q< Xpoom+1) < Xpeom—1) Contradicts the definition of (2m +- 1). Ifon 
the contrary 7 = 2m — 1, then the relation 2p, _ 2) < Xprom) < %q< X 52m —1) 
contradicts the definition of (2m). This ends the proof. 


PROBLEMS 


1) Let A be a denumerable subset of R having the following properties: for every 
pair of elements x,y of A such that x» < y, there are elements u,v,w of A such that 
uU<ix<u<y< w. Show that there is a bijection f of A onto the set Q of rational 
numbers, such that * < y implies f(x) < f(y). [Let n> a,, n — 6, be bijections 
of N onto A and Q. Show by induction on » that there exist finite subsets A, A, 
B,C Q, and a bijection /, of A, onto B, such that: 1° the a; with 7 < m belong to A,; 
29 the b; with i<m belong to B,; 3° x < yin A, implies fy(*) <f,(y); 4° A,CAniy 
and f, is the restriction of f, 4.1 to A,y.] 

2) Show that the set I of all irrational numbers is equipotent to R (cf. section 1.9, 
problem 5). 


3. Least upper bound and greatest lower bound 


A real number 0 is said to be a majorant (resp. minorant) of a subset X 
of real numbers if x < 6 (resp. b< x) for every xe X. A set XCR is 
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said to be majorized, or bownded from above (resp. minorized, or bounded 
from below) if the set of majorants (resp. minorants) of X is not empty. 
It Xo istmajorized, thems —) 3 (setOtg a where x € X) is minorized, and 
for every majorant 6 of X, — 0 is a minorant of — X, and vice-versa. 
A set which is both majorized and minorized is said to be bounded. 


(2.3.1) In order that a sete XCR be bounded, a necessary and sufficient 
condition is that there exist an integer n such that |x| <n for every x EX. 


For it follows from (III) that if a is a minorant and 6 a majorant of X, 
there exist integers ~,g such that — p<a@ and b<q; take 1 = p+ q. 
The converse is obvious. 


(2.3.2) If a non-empty subset X of R is majorized, the set M of majorants 
of X has a smallest element. 


Let ac X, bEM; by (III), for every integer , there is an integer m 
such that b <a-+ m- 27”; on the other hand, if ¢ is a majorant of X, so 
is every y >, so there is a smallest integer #, such that a + Pp, Tm Ns 
a majorant of X; this implies that, if I, = [a+ (fp, —1)2°",4-+ , eal 
L,NX isnot empty. As p,2~” = (2f,) 27 "— 1 we necessarily have p, , ; = 2D, 
of py 41 = 2P, — 1, since (2f, — 2) 27" ~* is not a majorant, in other words, 
I,,,¢1,. From (IV) it follows that the intervals I, have a non-empty 
intersection J; if J contained at least two distinct elements « < f, the 
interval [«,@] would be contained in each I,, and therefore by (2.2.9) we 
should have 2~" < 8 — a, or 1 > 2"(6 — «) for every n, which contradicts 
(III) (remember that 2” > , as is obvious by induction). Therefore J = ive 
Let us first show that y is a majorant of X; if not, there would be an 
x € Xsuch that x > y; but there would then be an 7 such NUS SO, 
and as yel,, we would have a+ ,2-”< x, contrary to the definition 
of p,. On the other hand, every yeMis >y; otherwise, there would be 
an such that 2->"<y—y, andasyel,, wewouldhavea, + (p,—1)2°">y, 
and a + (p, — 1) 2~” would be a majorant of X; this contradicts again 
the definition of ~,. The number y is thus the smallest element of M; it 
is called the least upper bound or supremum of X, and written l.u.b. X, 
or sup X. 


(2.3.3) If a non-empty subset X of R is minorized, the set of minorants M’ 
of X has a greatest element. 


Apply (2.3.2) to the set — X. 
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The greatest element of M’ is called the greatest lower bound or infimum 
of X and written g.l.b. X or inf X. For a non-empty bounded set X, both 
iti eran stp exist and int X = sup x. 


(2.3.4) The l.u.b. of a majorized set X is the real number y characterized 
by the following two properties: 1° y ts a majorant of X; 2° for every integer 
n> 0, there exists an element xe X such that y—lAfn<ux<y. 


Both properties of y = sup X follow from the definition, since the 
second expresses that y — I/n is not a majorant of X. Conversely, if 
these properties are satisfied, we cannot have sup X = £ < y, for there 
would be an ” such that l/n << y — 8, hence 8 < y — 1/n, and y — 1/n 
would be a majorant of X, contrary to property 2°. A similar characteriza- 
tion holds for inf X, by applying (2.3.4) to — X, sinceinf X = — sup (— X). 

Ifa set XCR has a greatest element 6 (resp. a smallest element a) then 
5 = sup X (resp. a = inf X) and we write Max X (resp. Min X) instead 
of sup X (resp. inf X). This applies in particular to finite sets by (2.2.3). 
But the l.u.b. and g.l.b. of a bounded infinite set X need not belong to X; 
for instance, if X is the set of all numbers 1/n, where 1 runs through all 
integers => 1, 0 is the g.l.b. of X. 


(2.3.5) IfACR is majorized and BCA, B 1s majorized and sup B < sup A. 
This follows from the definitions. 


(2.3.6) Let (A;),-1 be a family of non-empty majorized subsets of R; let 


A=UA,, and let B be the set of elements sup A,. In order that A be major- 
AeL 


ized, a necessary and sufficient condition 1s that B be majorized, and then 
sup A = sup B. 


It follows at once from the definition that any majorant of A is a 
majorant of B, and vice-versa, hence the result. 

Let { be a mapping of a set A into the set R of real numbers; / is said 
to be majorized (resp. minorized, bounded) in A if the subset f(A) of R is 


majorized (resp. minorized, bounded); we write sup f(A) = sup /(*), 
xeEA 


inf {(A) = inf f(z) when these numbers are defined (supremum and 
EA 


infimum of f in A). If f is majorized, then — f is minorized, and 


inf (— f(x)) = — sup f(x). 


xEA xeA 


24 II. REAL NUMBERS 
(2.3.7) Let f be a mapping of Ay x Ag into R; if f ts majorized, 


sup f(%1,%_) = sup (sup /(*4,%9)). 
(41, %_) € Ay X Ay a,EA, %,€A, 


For we can write f(A, x Ag) as the union of the sets /({x,} x Ag), +, ranging 
through A,, and apply (2.3.6). 


(2.3.8) Let f,g be two mappings of A into R such that f(x) < g(x) for every 
x EA; then if g is majorized, sois f, and sup f(x) < sup g(*). 


xeA xEA 


This follows immediately from the definitions. 


(2.3.9) Let f and g be two mappings of A into R; tf f and g are both major- 
ized, sois f + g (i.e. the mapping x — /(x) + g(x)), and sup (f(x) + g(*)) < 


xEA 


sup /(x) + sup g(x). If in addition g 1s minorized then sup f(x) +- inf g(x) < 


xed me A xeA xeEeA 
uD (/(%) + g(*)). 


Let a= sup /(%), 6—supe(x); then /(x) = @ and g(4) =) fomevery 


xEeA Ge TN 
x EA, hence f(x) + g(x) <a-+6, and the first inequality follows. Let 
c =inf g(x); then for every xeA, {(x) +c<jf(x) + g(x) <d=sup(/(x) +.2(%)); 


xeA xeEA 
but this yields /(x) = @ — ciorevery eA, henceg = 4 — cc 01g ce <., 
which is the second inequality. 


(2.3.10) Let ~ be a majorized mapping of A into R; then for every real 
number c, sup (f(x) + c) = c + sup f(x). 


xeEA xEA 


Take for g the constant function equal to c in (2.3.9). 


(2.3.11) Let f, (resp. f,) be a majorized mapping of A, (resp. A,) into R; 
then (%4,%_) — fy(*,) + fo(%_) ts majorized, and 


sup (71%) + fo(%)) = sup f(xy) + sup fo(%Q). 


(%1,%_) € Ay X Ay x CA, *,EA, 


Ep ply (2.307 jeatide( 2.3. 10}7 
We leave to the reader the formulation of the similar properties for inf 
(change the signs everywhere). 
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PROBLEM 


Let + + I(x) be a mapping of R into the set of open intervals of R, such that I(x) 
be an open interval of center and of length < ¢ (¢ being a given number > 0). Show 
that, for every closed interval [a,b] of R, there exist a finite number of points 4; of 
{a,b] such that: 1° the intervals I(¥;) form a covering of [a,b]; 2° the sum of the 
lengths of the I{#;) is <c¢ + 2(b — a). (Prove that if the theorem is true for any 
interval [a,v] such that ax *<u< 6b, then there exists v such that u<u<b 
and that the theorem is still true for any interval [a,y] such that a< y < v. Consider 
then the l.u.b. of all numbers wu < b such that the theorem is true for any interval 
[a,¥} such that a <= x < u.) Show by an example that the majoration is best possible. 


Chapter Ill 


Metric Spaces 


This Chapter, together with Chapter V, constitutes the core of this book: 
in them is developed the geometric language in which are now expressed 
the results of Analysis, and which has made it possible to give to these 
results their full generality, as well as to supply for them the simplest 
and most perspicuous proofs. Most of the notions introduced in this Chapter 
have very intuitive meanings, when specialized to “ordinary” three- 
dimensional space; after some experience with their use, both in problems 
and in the subsequent Chapters, the student should be able to reach the 
conviction that, with proper safeguards, this intuition is on the whole an 
extremely reliable guide, and that it would be a pity to limit it to its 
classical range of application. 

There are almost no genuine theorems in this chapter; most results 
follow in a straightforward manner from the definitions, and those which 
require a little more elaboration never lie very deep. Sections 3.1 to 3.13 
are essentially concerned with laying down the terminology; it may seem 
to the unprepared reader that there is a very great deal of it, especially 
in sections 3.5 to 3.8, which really are only various ways of saying the 
same things over again; the reason for this apparent redundancy of the 
language is to be sought in the applications: to dispense with it (as one 
theoretically might) would often result in very awkward and cumbersome 
expressions, and it has proved worthwhile in practice to burden the memory 
with a few extra terms in order to achieve greater clarity. 

The most important notions developed in this Chapter are those of 
completeness (3.14), compactness (3.16 to 3.18) and connectedness (3.19), 
which will be repeatedly used later on, and of which the student should 
try to get as thorough a grasp as possible before he moves on. 

Metric spaces only constitute one special kind of “topological spaces’’, 
and this Chapter may therefore be visualized as introductory to the 
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study of “‘general topology,’ as developed for instance in Kelley [18] 
and Bourbaki [5]; the way to this generalization is made apparent 
in the remarks of (3.12) when it is realized that in most questions, the 
distance defining a metric space only plays an auxiliary role, and can 
be replaced by “‘equivalent’’ ones without disturbing in an appreciable 
way the phenomena under study. 


1. Distances and metric spaces 
Let E bea set. A distance on E is a mapping d of E x E into the set R 
of real numbers, having the following properties: 


(I) d(x,y) > 0 for any pair of elements x,y of E. 
(II) The relation d(x,y) = 0 is equivalent to x= y. 
(III) d(y,x) = d(x,y) for any pair of elements of E. 


(IV) d(x,z) <d(x,y) + d(y,z) for any three elements x,y,z of E 
(“triangle inequality’). 


From (IV) it follows by induction that 
d(44,%q) K A{%1,%) + A(%q,%y) +... + 4(%, 1.%n) 
for any ” > 2. 
(3.1.1) Jf d is a distance on E, then 
[4(x,2) — d(y,2)| <d(x,y) 
for any three elements x,y,z of E. 
For it follows from (III) and (IV) that 
d(x,2) <ad(y,2) + (x,y) 
and d(y,z) <d(y,x) + d(x,z) = d(x,y) + d(x,2) 
< 


hence — d(x,y) <d(x,z) — d(y,z) <d(x,y). 


A metric space is a set E together with a given distance on i, 
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2. Examples of distances 


(3.2.1) The function (x,y) > |x — y| is a distance on the set of real 
numbers, as follows at once from (2.2.11); the corresponding metric space 
ss called the veal line. When R is considered as a metric space without 
mentioning explicitly for what distance, it is always understood that the 
distance is the one just defined. 


(3.2.2) In usual three-dimensional space R? = R x R x R, the usual 
“euclidean distance’ defined by 


d(x,y) = Vm — V1)? + (%_ — Ye)? + (%3 yg)? 


for two elements « = (%,%9,%3) and y = (¥1,¥2,g) verifies axioms (I), (1) 
and (III) in a trivial way; (IV) is verified by direct computation. 


(3.2.3) In the “real plane” R? = R x R, let us define 


a(x,y) = |x, = ¥4| Sle |X» a Vol 


for any two elements « = (%,,%») and y = (y,¥2); axioms (I), (II), (IIT) 
are again trivially verified, whilst (IV) follows from (2.2.11). 


(3.2.4) Let A be any set, E = &(A) the set of bounded mappings Clee 
into R (see 2.3). Then, for any two functions /,g belonging to E, f — galso 
belongs to E, and the number 


d(f.g) = sup |/() — g(4)| 
teA 
is defined. The mapping (/,g) > d(/,g) is a distance on E; for (I) and (III) 
are trivial, and (IV) follows at once from (2.3.9) and (2.3.8); ontthe other 
hand, if d(f,g) = 0, then f(t) — g(t) = 0 for all f€ A, which means / = g 
(seer d-4), hence (11). 


(3.2.5) Let E be an arbitrary set, and let us define d(x,y) = 1 if x 4 y, 
d(x,x) = 0. Then (1), (II), (III) are verified; (IV) is immediate if two of the 
three elements x,y,z are equal; if not, we have d(x,z) =1, d(x,y) +d(y,z) =2, 
hence (IV) is satisfied in every case. The corresponding metric space 
defined on E by that distance is called a discrete metric space. 


(3.2.6) Let # be a prime number; for any natural integer n > 0, we define 
v,() as the exponent of p in the decomposition of » into prime numbers. 
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It follows at once from that definition that 
(3.2.6.1) u,(nn') = v,(n) + v,(2’) 


for any pair of integers > 0. Next let x = + 7/s be any rational number + 0, 
with y and s integers > 0; we define v,(x) = v,(7) — v,(s); this does not 
depend on the particular expression of x as a fraction, as follows at once 
from (3.2.6.1); the same relation also shows that 


(3.2.6.2) v,(xy) = p(x) + 2,(y) 


for any pair of rational numbers ~¢ 0. We now put, for any pair of rational 
numbers x,y, d(x,y) = p-%%~” if x A y, and d(x,x) = 0; we will prove 
this is a distance (the so-called “‘p-adic distance’’) on the set Q of rational 
numbers. Axioms (I), (II) and (III) follow at once from the definition; 
moreover, we prove the following reinforced form of axiom (IV) 


(3270.2) d(x,z) < Max (d(x,¥),d(y,2)). 


As this is obvious if two of the elements v,y,z are equal, we can suppose 
they are all distinct, and then we have to prove that for any pair of rational 
numbers x,y such that x #0, y #0 and x — y #0, we have 


(3.2.6.4) vg — 9) S Min (0,(x);0p(9)). 


We can suppose v,(x) >v,(y); using (3.2.6.2), the relation to prove 
reduces to 


G.26:5) v,(z—1) 290 


for any rational z such that z 40, z #1 and v,(z) 20. But then, by 
definition, z = + p"r|s, with? = 0,7 andis mot divisible by poyas — al 
has a denominator which is not divisible by #, (3.2.6.5) follows from the 


definition of v,. 
Other examples will be studied in detail in Chapters V, VI and VII. 


3. Isometries 


Let E, E’ be two metric spaces, 4,d’ the distances on) and. 
bijection / of E onto E’ is called an isometry if 


(3.3.1) d' (f(x), f(y) = 4(%,9) 
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for any pair of elements of E; the inverse mapping /~! is then an isometry 
of E’ onto E. Two metric spaces E, E’ are isometric if there is an isometry 
of E onto E’. Any theorem proved in E and which involves only distances 
between elements of E immediately yields a corresponding theorem in any 
isometric space E’, relating the distances of the images by / of the elements 
of E which intervene in the theorem. 


Let now E be a metric space, d the distance on FE and fa bijection of E 
onto a set E’ (where no previous distance need be defined); we can then 
define a distance d’ on E’ by the formula (3.3.1), and / is then an isometry 
of E onto E’. The distance d’ is said to have been transported from E to E’ 


by 72 


(3.3.2) Example: the extended real line R. The function f/ defined in R by 
/(x) = x/(1 + |x|) is a bijection of R on the open interval I = J]—1, +1{, 
the inverse mapping g being defined by g(x) = x/(1 — |x|) for |x| < 1. 
Let J be the closed interval [—1, +1], and let R be the set which is the 
union of R and of two new elements written + oo and —oo (points at 
infinity); we extend / to a bijection of R onto J by putting /(+00c) = +1, 
/(— co) = —1, and write again g for the inverse mapping. As J is a metric 
space for the distance |x — y|, we can apply the process described above 
to define R as a metric space, by putting d(x,y) = |/(x) — /(y)|. With this 
distance (which, when considered for elements of R, is different from the 
one defined in (3.2.1)), the metric space R is called the extended real line: 
we note that for x > 0, d(-++ oo,x) = 1/(1 + |x|) and for x <0, d(— co,x) 
=e 

We can define an order relation on R by defining x < y to be equivalent 
to {(x) < f(y); it is readily verified that for x,y in R this is equivalent to 
the order relation already defined on R, and that in addition we have 
— o <x < + oo for every x €R; the real numbers are also called the 
finite elements of R. All properties and definitions, seen in chap. II, which 
relate to the order relation only (excluding everything which has to do 
with algebraic operations) can immediately be “transported” to R by the 
mapping g. A non-empty subset A of R is always bounded for that order 
relation, and therefore sup A and inf A are defined, but may be + co 


or — oo as well as real numbers. The definition of sup u(x) and inf u(x) 
xeA xeEA 


(for any mapping « of a set A into R) is given in the same manner, and 


in particular, properties (2.3.5), (2.3.6), (2.3.7) and (2.3.8) hold without 
change. 
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4. Balls, spheres, diameter 


In the theory of metric spaces, it is extremely convenient to use a 
geometrical language inspired by classical geometry. Thus elements of a 
metric space will usually be called points. Given a metric space E, with 
distance d, a point a€ E, and a real number 7 > 0, the open ball (resp. 
closed ball, sphere) of center a and radius 7 is the set B(a; 7) = {xEE|d(a,x)<7} 
(resp. B'(a;7) = {x € Eld(a,x) <1}, S(a;r) = {x €E|d(a,x) = 7}). Open 
and closed balls of center a always contain the point a, but a sphere of 
center a may be empty (for examples of strange properties which balls 
may possess in a general metric space, see problem 4 of section 3.8). 


Examples. 1n the real line, an open (resp. closed) ball of center a and 
radius 7 is the interval Ja —7,a-+7{ (resp. [a—7,a +7]); the sphere 
of center a and radius 7 consists of two pointsa — 7,4 -+ 7. In the extended 
line R, an open ball of center +o and radius 7 <1 is the interval 
](1 — r)/7, +00]. In a discrete space E, a ball (open or closed) of center a 
and radius r < 1 is reduced to a and the corresponding sphere is empty; 
if on the contrary 7 > 1, B(a;7) = B’(a;7) = E and Sign) 0 tie | 
S(a;r) =E— {al ifr=1. 


Let A,B be two non-empty subsets of E; the distance of A to B is 


defined as the positive number d(A,B) = inf d(x,y). When A is reduced 
xeA,yeB 


to a single point, d(A,B) is also written d(x,B); we have by (2.3.7), 
d(A,B) = inf d(x,B). If ANB AQ, d(A,B) = 0, but the converse need 


se SS 
not hold; more generally, if a5, 8) 22, there does not necessarily exist 
a pair of points x € A, y¢B such that d(x,y) =a. For instance, in the 
real line R, let A be the set of all integers 2 1, and let B be the set of 
numbers of the form  — l1/m for all integers n > 2; A and B have no 
common points, but d(n,n — 1/n) = 1/n is arbitrarily small, hence 
d(A,B) = 0 (see section 3.17, problem 2). 


(3.4.1) If a point x does not belong to a ball B(a;r) (resp. B’(a; 7)), then 
d(x,B(a;7)) = d(a,x) — 7 (resp. d({x,B'(a;r)) = d(a,x) — 1). 


Indeed, the assumption implies d(a,x) 27; for any y€B(a;7) (resp. 
y € B’(a;7)), d(x,y) > d(a,x) — d(a,y) > d(a,x) —r by the triangle in- 
equality. 
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(3.4.2) If Aisanon-empty subset of E, x,y two points of E, 
|d(x,A) —d(y,A)| < d(x,y). 
For every zE€ A, d(x,z) <d(x,y) + d(y,z), hence 


d(x,A) = inf d(x,z) < inf (d(x,y) + d(y,z)) = d(x,y) + infd(y,z) = 


zeA zeA zeA 
= d(x,y) + d(y,A) 
by (2.3.8) and (2.3.10)) Similarly one Wastd(y, 4) = a4) a), 
For any non-empty set A in E, the diameter of A is defined as 6(A) 


= sup d(x,y); it is a positive real number or + oc; ACB implies 
xEA, YEA 


o(A) = 0(B). The relation d(A)=— 0 holds ii and only if Avic agence 
point set. 


(Seance Or A729) Dall sol (a7) oy, 
For if d(a,x) = 7 and d4(4,y) <1, 4(x,y) < 27 by the triangle inequality. 


A bounded set in E is a non-empty set whose diameter is finite. The 
whole space E can be bounded, as the example of the extended real line R 
shows. Any non-empty subset of a bounded set is bounded. 


(3.4.4) The union of two bounded sets A,B is bounded. 


For if ae A, beB, then if x,y are any two points in AUB, either x 
and y are in A, and then d(x,y) < 6(A), or they are in B and d(x,y) < 6(B), 
or for instance x € A and y € B, and then d(x,y) < d(x,a) + d(a,b) + d(b,y) 
by the triangle inequality, hence 


0(AUB) < d(a,b) + d(A) + 6(B); 
this being true for any ae¢ A, be B, we have 

6(AU B) < d(A,B) + 6(A) + 6(B) 
by definition of d(A,B). 


It follows that if A is bounded, for any x,€E, A is contained in the 
closed ball of center x9 and radius d(x»,A) + 6(A). 
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5. Open sets 


In a metric space E, with distance d, an open set is a subset A of E 
having the following property: for every x €A, there exists 7 > 0 such 
that B(x; 7) ¢ A. The empty set is open (see 1.1); the whole space E is open. 


(3.5.1) Any open ball is an open set. 


For if xe B(a:7), then d(a,x) <r by definition; hence the relation 
d(x,y) <r — d(a,x) implies d(a,y) < d(a,x) + d(x,y) <7, which proves the 
inclusion B(x;7 — d(a,x)) ¢ B(a; 7). 


(3.5.2) The union of any family (Aj)j,e, of open sets ts open. 


For if x € A, for some we € L, then there is y > Osuch that B(x;7r)CA,CA 


=|) A 


A€L 
For instance, in the real line R, any interval Ja, + co[ is open, being 
the union of the open sets Ja,x[ for all x >a. Similarly, ]— ©, a| is open. 


(3.5.3) The intersection of a finite number of open sets ts open. 


It is enough to prove that the intersection of two open sets Dos ee 1S 
open, and then to argue by induction. If ve Ay (VA; thee are 742-0) 
¥y>0 such that B(x;7,)CA,, B(x; 7.) C A,; clearly if r = Min (7,75), 
Be wie A nA. 

In general, an infinite intersection of open sets is no longer open; for 
instance the intersection of the intervals ]— 1/,1/[ in R is the one point 
set {0}, which is not open by (2.2.16). However: 


(3.5.4) In a discrete space any set is open. 


Due to (3.5.2), it is enough to prove that a one point set {a} is open. 
But by definition, {4} = B(a;1/2), and the result follows from (3.5.1). 


6. Neighborhoods 


If A is a non-empty subset of E, an open neighborhood of A is an open 
set containing A; a neighborhood of A is any set containing an open neigh- 
borhood of A. When A = {x}, we speak of neighborhoods of the point x 
(instead of the set {x}). 
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(3.6.1) For any non-empty set ACE, and any r>0, the set V,(A) 
= {x €E|d(x,A) <7} is an open neighborhood of BY 


For if d(x,A) <r and d(x,y) <7 — d(x,A), it follows from (3.4.2) that 
d(y,A) < d(x,A) + r—d(x,A) =7, hence V,(A) is open, and obviously 
contains A. 

When A = {a}, V,(A) is the open ball B(a; 7). 

A fundamental system of neighborhoods of A is a family (U,) of neigh- 
borhoods of A such that any neighborhood of A contains one of the sets U;. 
For arbitrary sets A, the V,(A) (7 > 0) do notin general form a fundamental 
system of neighborhoods of A (see however (3.17.10)). It follows from the 
definitions that: 


(3.6.2) The balls B(a;l/n) (n integer > 0) form a fundamental system of 
neighborhoods of a. 


(3.6.3) The intersection of a finite number of neighborhoods of A 1s a neigh- 
borhood of A. 


This follows from (3.5.3). 


(3.6.4) Jn order that a set A be a neighborhood of every one of tts points, a 
necessary and sufficient condition ts that A be open. 


The condition is obviously sufficient; conversely, if A is a neighborhood 
of every xc€A, there exists for each xe A an open set U,CA which 
contains x. From the relations x ¢ U,C A we deduce A = (J {x} CU U, cA, 


xed xEA 


hence A = (JU, is an open set, by (3.5.2). 


xeA 


PROBLEM 


In the real line, show that the subset N of all integers > 0 does not possess a 
denumerable fundamental system of neighborhoods. (Use contradiction, and apply 
the following remark: if (a,,) is a double sequence of numbers > 0, the sequence (b,) 
where b, = ay,/2 is such that for no integer m does the inequality b, > a), hold 
for all integers x.) 


7. Interior of a set 


A point x is said to be interior to a set A if A is a neighborhood of x. 


The set of all points interior to A is called the interior of A, and written A. 
For instance, in the real line R, the interior of any interval of origin a 
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and extremity b (a <b) is the open interval Ja,b[; for neither a nor 
can be an interior point of the intervals [a,b], (a,b[ and ]a,}], as no interval 
of center a or } is contained in these three intervals. 


(3.7.1) For any set A, A is the largest open set contained in A. 


For if x € A, there is an open set U, C A containing *; for each ye U,, 


A is by definition a neighborhood of y, hence y € A, and therefore U,c A, 
which proves A is open by (3.6.4). Conversely, if Bc A is open, it is clear 
by definition that BcA. Open sets are therefore characterized by the 
relation A = A. 


(3.7.2) If ACB, then ACB. 


This follows at once from (3.7.1). 
Pe 
(3.7.3) For any pair of sets A,B, ANB = ANB. 


a ° ° 
The inclusion AN BC ANB follows from (3.7.2); on the other hand, 
AAB is open by (3.5.3) and (3.7.1) and contained in ANB, hence 


Se 
ANBCADB by (3.7.1). 

The interior of a non-empty set can be empty; this is the case, for 
instance, for one point sets in R. 

An interior point of E — A is said to be exterior to A, and the interior 
of E — A is called the extertor of A. 


(3.7.4) In order that a point x EE be exterior to A, a necessary and sufficient 
condition is that d(x,A) > 0. 


For that condition implies that B(*; Gap) Ce —enenGe is 
interior to E — A; conversely, if x is exterior to A, there is a ball IBLE) 
with y > 0 contained in E — A; for any y € A, we have therefore d(x,y) > 7, 
hence d(x,A) 2 7. 


8. Closed sets, cluster points, closure of a set 


In a metric space E, a closed set is by definition the complement of an 
open set. The empty set is closed, and so is the whole space E. In the real 
line, the intervals [a, + oo[ and ]— oo, a] are closed sets; so is the set Z 


36 Ill. METRIC SPACES 


of integers; the intervals [a,b[ and ]a,b] are neither open sets nor closed 


sets. 
(3.8.1) A closed ball ts a closed set; a sphere is a closed set. 


For if *¢B’(a;7), then d(x,B'(a;7r)) > d(a,x)-—r>0 by (se) 
hence the open ball of center « and radius d(a,x) — 7 is in the complement 
of B’(a;r), which proves that complement is open. The complement of the 
sphere S(a; 7) is the union of the ball B(a; 7) and of the complement of the 
ball B’(a;7), hence is open by (3.5.2). 


(3.8.2) The intersection of any family of closed sets is closed. 
(3.8.3) The union of a finite number of closed sets is closed. 


This follows at once from (3.5.2) and (3.5.3) respectively, by considering 
complements (see formulas (1.2.9) and (1.8.1)). 
In particular, a one point set {x} is closed. 


(3.8.4) In a discrete space every set is closed. 
This follows at once from (3.5.4). 


A cluster point of a subset A of E is a point x € E such that every neigh- 
borhood of x has a non-empty intersection with A. The set of all cluster 
points of A is called the closure of A and written A. To say that x is not 
a cluster point of A means therefore that 1! is imterior fo 2 emote, 
words: 


(3.8.5) The closure of a set A is the complement of the exterior of A. 


The closure of an open ball B(a;7) is contained in the closed ball B’(a; 7), 
but may be different from it. If a subset A of the real line is majorized 
(resp. minorized), sup A (resp. inf A) is a cluster point of A, as follows 
from (2.3.4). 


Due to (3.8.5), the four following properties of cluster points and closure 
are read off from those proved in 3.7 for interior points and interior, by 
using the formulas of boolean algebra: 


(3.8.6) For any set A, A is the smallest closed set containing A. 
In particular, closed sets are characterized by the relation A = A. 


(3.027) ely oAce Sie Ce 


(3.8.8) For any pair of sets A,B, AUB=AUB. 
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(3.8.9) In order that a point x be a cluster point of A, a necessary and suffi- 
cient condition 1s that d(x,A) = 0. 


(3.8.10) The closure of a set A is the intersection of the open neighborhoods 
V,(A) of A. 


This is only a restatement of (3.8.9). 


(3.8.11) I a metric space E, any closed set ts the intersection of a decreasing 
sequence of open sets; any open set 1s the union of an increasing sequence of 
closed sets. 


The first statement is proved by considering the open sets V,,,(A) 
and the second follows from the first by considering complements. 


(3.8.12) Ifa cluster point x of A does not belong to A, any neighborhood V 
of x is such that VN. A is infinite. 


Suppose the contrary, and let VNA = {y,,...,y,}: by assumption, 
Pee ee 0 Wetre) becuch that Bix rc V andy Mini(7 pee.) 
then the intersection of A and B(x;7) would be empty, contrary to 
assumption. 


A point x €E is said to be a frontier point of a set A if it is a cluster 
point of both A and § A; the set Fr(A) of all frontier points of A is called 
the frontier of A. It is clear that Fr(A)=An fA = [ek A)s lo (EE) 
Fr(A) is a closed set, which may be empty (see (3.19.9)). A frontier point x 
of A is characterized by the property that in any neighborhood of x there 
is at least one point of A and one point of (A. The whole space E is the 
union of the interior of A, the exterior of A and the frontier of A, for if a 
neighborhood of x is neither contained in A nor in (A, it must contain 
points of both; any two of these three sets have no common points. 

The frontier of any interval of origin a and extremity 0 in R is the set 
{a,b}; the frontier of the set Q in R is R itself. 


PROBLEMS 


1) a) Let A be an open set in a metric space E; show that for any subset B of E. 


ANBCcANB. 
b) Give examples in the real line, of open sets A,B such that the four sets AN B, 


Bn A, AnB and AnB are all different. 
c) Give an example of two intervals A,B in the real line, such that AN B is not 


contained in ANB. 
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2) For every subset A of a metric space E, let «(A) = A anal /6(08)) == ie 
a) Show that if A is open, A Ca(A), and if A is closed, A> B(A). 

b) Show that for every subset A of E, a(a(A)) = a(A) and B(B(A)) = B(A) (use a)). 

c) Give an example, in the real line, of a set A such that the seven sets A, Lea, 
a.(A),B(A),a(A),6(A) are all distinct and have no other inclusion ae than the 
following ones: ACACA; Aca(A)c f(A) cA, Aca(A) ¢ B(A) 

3) Let E be a metric space. 

a) Show that for every subset A of E, Fr(A) € Fr(A), Fr(A) cFr(A), and give 
examples (in the real line) in which these three sets are distinct. 

b) Let A,B be two subsets of E. Show that Fr(A U B) c Fr(A) U Fr(B), and give 
an example (in the real line) in which these sets are distinct. If An B= ©, show 
that Fr(A U B) = Fr(A) U Fr(B). 

c) If A and B are open, show that 


(A a Fr(B)) U (Bn Fr(A)) € Fr(A 9 B) € (An Fr(B)) U (BA Fr(A)) U (Fr(A) 9 Fr(B)) 


and give an example (in the real line) in which these three sets are distinct. 


4) Let d be a distance on a set E, satisfying the ultrametric inequality 
d(x,2) < Max (d(x,¥),4(y,2)) 


for x,y,z in E (see example (3.2.6)). 

a) Show that if d(x,y) 4 d(y,z), then d(x,z) = Max (d(x,v),d(¥,2)). 

b) Show that any open ball B(x; 7) is both an open and a closed set and that for 
any y€ B(x;”), Bly; 7) = B(4; 7). 

c) Show that any closed ball B’(¥; 7) is both an open and a closed set, and that 
for any ye B(x;7), B(yi7) = B (4%; 7). 

d) If two balls in E have a common point, one of them is contained in the other. 

e) The distance of two distinct open balls of radius 7, contained in a closed ball 
of radius 7, is equal to 7. 


9. Dense subsets; separable spaces 


In a metric space E, a set A is said to be dense with respect to a set B, 
if any point of B is a cluster point of A, in other words if B cA (or, equiv- 
alently, if for every x€B, any neighborhood of x contains points of A). 


(3.9.1) If A is dense with respect to B, and B dense with respect to C, then A 
ts dense with respect to C. 


For the relation B cA implies BCA by (3.8.6), and as by assumption 
CcB, we have CcA. 


A set A dense with respect to E is called everywhere dense, or simply 
dense in E; such sets are characterized by the fact that A =E, or equiv- 
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alently that every non-empty open set contains a point of A. A metric 
space E is said to be separable if there exists in E an at most denumerable 
dense set. 


(3.9.2) The real line R is separable. 


Indeed, by (2.2.16) the set Q of rational numbers is dense in R, and Q 
is denumerable by (2.2.15). 


A family (G,),-; of non-empty open sets is called a basis for the open 
sets of a metric space E if every non-empty open set of E is the union of 
a subfamily of the family (G,). 


(3.9.3) In order that a family (G,),e1 be a basis, a necessary and sufficient 
condition is that for every x EE and every neighborhood V of x, there exist 
an index A such that xe G,cV. 


The condition is necessary, for there is by definition an open neigh- 
borhood WecV of x, and as W is a union of sets G,, there is at least an 
index je such that «eG,. The condition is sufficient, for if it is satisfied, 
and U is an arbitrary open set, for each x € U, there is (by (1 .4.5)) an 
index yu(x) such that x €G,(,,CU, hence UC Li Gye 

xeU 
(3.9.4) In order thai a metric space E be separable, a necessary and sufficient 
condition ts that there exist an at most denumerable basts for the open sets Of: 


The condition is sufficient, for if (G,) is a basis, and a, a point of G,, 
every non-empty open set is a union of some G,, hence its intersection 
with the at most denumerable set of the a, is not empty. Conversely, 
suppose there exists a sequence (a,) of points of E such that the set of 
points of that sequence is dense; then the family of open balls B(a,;1/m), 
which is at most denumerable (by (1.9.3) and (1.9.2)) is a basis for the 
open sets of E. Indeed, for each x € E and each 7 > 0, there is an index m 
such that 1/m < r/2, and an index such that 4, € B(x;l1/m). This implies 
that x¢B(a,;1/m); on the other hand, it ye Bia, Van), then 
d(x,y) <d(x,a,) + d(a,,y) <2/m <7, so that B(a,;1/m) ¢ B(x;7), which 
ends the proof (by (3.9.3)). 


PROBLEMS 


1) Show that in a metric space E, the union of an open subset and of its exterior 


is everywhere dense. 
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2) If A is a subset of a metric space E, a point x € A is said to be isolated if there 
is a neighborhood V of x in E such that V nA is reduced to the point ¥. 

a) Show that in a separable metric space E, a subset all the points of which are 
isolated, is at most denumerable. 

b) Show that in a separable metric space E, any family (Ug)ae_ of non-empty 
open sets such that U,n U,=9 if 1 p, is at most denumerable. 

3) Let A be a non empty subset of the real line, B the set of points x ¢ A such 
that there is an interval ]x,y{ with y > * which has an empty intersection with A. 
Show that B is at most denumerable (prove that B is equipotent with a set of open 
intervals, no two of which have common points). 

4) Let E be a separable metric space. A condensation point x of a subset A of E 
is a point «€E such that in every neighborhood of ¥, there is a nondenumerable 
set of points of A. Show that: 

a) If A has no condensation point, it is denumerable (consider the intersections 
of A with the sets of a basis for the open sets of E). 

b) If B is the set of condensation points of a set A, show that every point of B 
is a condensation point of B, and that An (CB) is at most denumerable. (Observe 
that B is closed, a d use a)). 

5) Show that from every open covering of a separable metric space, one can 
extract a denumerable open covering. 

6) Let E be a separable metric space, / an arbitrary mapping of E into R. We 
say that at a point x € E, / reaches a relative maximum (resp. a strict relative maximum) 
if there is a neighborhood V of x such that f(7) <f(%9) (resp. /(¥) < f(¥»)) for any 
point « € V distinct from %). Show that the set M of the points + € E where / reaches 
a strict relative maximum is at most denumerable. (If (U,) is a basis for the open 
sets of E, consider the values of » for which there is a unique point ¥ € U, such that 
f(x) is equal to its Lu.b. in U,)}. 


10. Subspaces of a metric space 


Let F be a non-empty subset of a metric space E; the restriction to 
F x F of the mapping (x,y) — d(x,y) is obviously a distance ow F, which 
is said to be induced on F by the distance d on E. The metric space defined 
by that induced distance is called the subspace F of the metric space E. 


(3.10.1) In order that a set BCF be open in the subspace F, a necessary 
and sufficient condition is that there exist an open set A in E such that 
ee ome: 


If ae F, Fn B(a;7) is the open ball of center a and radius 7 in the sub- 
space F. If Ais openin E and x E ANF, there isy > Osuch that B(x; 7) CA, 
hence x € FN B(x;7) CAN F, which shows F n A is open in F. Conversely, 
if B is open in the subspace F, for each x € B, there is a number r(x) > 0 
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such that Fn B(x;7(x)) C B. This shows that B =[J (FA B(x;7(x))) = FA, 


xéeB 
with A = (J B(x;7(x)), and A is open in E by (3.5.1) and (3.5.2). 
xeB 
(3.10.2) In order that every subset B in F, which is open in F, be open in E, 
a necessary and sufficient condition is that F be open in E. 


The condition is seen to be necessary by taking B = F; it is sufficient, 
due to (3.10.1) and (3.5.3). 


(3.10.3) If xe F, in order that a subset WW of F bea neighborhood of x in F, 
a necessary and sufficient condition is that W = VF, where V is a neigh- 
borhood of x in E. 


(3.10.4) In order that every neighborhood in F of a point x € F be a neigh- 
borhood of x in E, a necessary and sufficient condition is that F be a neigh- 
borhood of x in E. 


These properties follow at once from (3.10.1) and the definition of a 
neighborhood. 


(3.10.5) In order that a set BC F be closed in the subspace V*, a necessary and 
sufficient condition is that there exist a closed set Ain E such fiat BA iE. 


To say B is closed in F means that F — B is open in F, and therefore 
is equivalent by (3.10.1) to the existence of an open set C in E such that 
F —B—=CnF; but that relation is equivalent by (1.5.13) to B= Fn (E — Oh, 
hence the result. 


(3.10.6) In order that every subset B in F, which is closed in F, be closed 
in E, a necessary and sujficient condition is that F be closed in E. 


Same proof as for (3.10.2), using (3.10.5) and (3.8.2). 


(3.10.7) The closure, with respect to ¥, of a subset B of F, is equal to BO F, 
where B is the closure of B in E. 


Indeed, for every neighborhood V of x¢F in E, Vn Bea Faas, 
and the result therefore follows from (3.10.3) and from the definition of a 


cluster point. 


(3.10.8) Suppose F is a dense subset of E. For every point x € F and every 
neighborhood W of x in F, the closure W of W in E is a neighborhood of x in E. 
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By definition, there is an open neighborhood U of x in E such that 
UN FEW; it is enough to prove that UCW. But if y € U, and V is any 
neighborhood of y in E, Un V isa neighborhood of y in E, hence FA (Un V) 


is not empty, which means (FN U) N V is not empty, ie. ye FAU cw. 


(3.10.9) Any subspace of a separable metric space 1s separable. 


Indeed, if (G,) is an at most denumerable basis for the open sets of E, 
the sets G, MF form a denumerable basis for the open sets of FC E, due 
to (3.10.1) and (1.8.2). Hence the result by (3.9.4). 


PROBLEMS 


1) Let B,B’ be two non empty subsets of a metric space E, and A a subset of 
Bn B’, which is open (resp. closed) both with respect to B and with respect to B’; 
show that A is open (resp. closed) with respect to BU B’. 

2) Let (U,) be a covering of a metric space E, consisting of open subsets. In order 
that a subset A of E be closed in E, it is necessary and sufficient that each set An U, 
be closed with respect to Uy. 

3) In a metric space E, a subset A is said to be Jocally closed if for every xe A, 
there is a neighborhood V of # such that AM V is closed with respect to V. Show 
that the locally closed subsets of E are the sets UNM F, where U is open and F closed 
in E. (To prove that a locally closed set has that form, use problem 2). 

4) Give an example of a subspace E of the plane R®, such that there is in E an 
open ball which is a closed set but not a closed ball, and a closed ball which is an 
open set but not an open ball. (Take E consisting of the two points (0, 1) and (0, — 1) 
and of a suitable subset of the #-axis.) 

5) Give a proof of (3.10.9) without using the notion of basis (in other words, exhibit 
an at most denumerable subset which is dense in the subspace). 


11. Continuous mappings 


Let E and E’ be two metric spaces, d,d’ the distances on E and E’. 
A mapping / of E into E’ is said to be continuous at a point x) € E if, for 
every neighborhood V’ of /(x9) in E’, there is a neighborhood V of x, in E 
such that /(V) CV’; /is said to be continuous in E (or simply , ,continuous’’) 
if it is continuous at every point of E. 

If we agree that the mathematical notion of neighborhood corresponds 
to the intuitive idea of ‘“‘proximity’’, then we can express the preceding 
definition in a more intuitive way, by saying that f(x) is arbitrarily close to 
}(%9) 4s soon as x 1s close enough to Xp. 
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(3.11.1) In order that f be continuous at xy € E, a necessary and sufficrent 
condition is that for every neighborhood V' of f(x») in E’, f-1(V’) be a neigh- 
borhood of %) in E. 


(3.11.2) In order that f be continuous at x) EE, a necessary and sufficient 
condition is that, for every e > 0, there exist a 6 > 0 such that the relation 
d(%,x) < 6 implies d'(f(x9),f(x)) <e. 


These are mere restatements of the definition. 
The natural injection j;: F ~E of a subspace F of E into E (1.6.1) 
is continuous. Any constant mapping is continuous. 


(3.11.3) If x) €E ts a cluster point of a set ACE, and if f is continuous at 
the point Xo, then (xq) ts a cluster point of f(A). 


For if V’ is a neighborhood of /(x9) in E’, f-1(V’) is a neighborhood of 
%q in E, hence there is ye AN f{V’), and therefore f(y) E/(A) NV’. 


(3.11.4) Let f be a mapping of E into E’, The following properties are 
equivalent: 


a) f ts continuous ; 
b) for every open set A’ in E:’, f-'(A’) ts an open set an es 


c) for every closed set A’ in E’, f(A’) is a closed set in E; 


d) for every set A im E, (A) c f(A). 


We have seen in (3.11.3) that a) = d). d) > c), for if A’ is closed and 
A = /-1(A’), then f(A) cA’=—A’, hence Acf (A) =A; as A cA, 
A is closed. c) = b) from the definition of closed sets and formula (1.5.13). 
Finally b) > a), for if V’ is a neighborhood of f(x), there is an open neigh- 
borhood W’ € V’ of /(% 9); /71(W’) is an open set containing x, and contained 
in f-1(V’), hence / is continuous at every point x, by (3.11.1). 


It should be observed that the direct image of an open (resp. closed) set 
by a continuous mapping is not in general an open (resp. closed) set; for 
instance, x —- x2 is continuous in R, but the image [0, I[ of the open 
set ]—1,+1[ is not open; * > I/x is continuous in the subspace 
E = [1, + o[ of R, but the image of the closed set E is the interval 0, 1] 
which is not closed in R (see however (3.17.9) and (3.20.13)). 


(3.11.5) Let f be a mapping of a metric space E into a metric space FE’, 
g a mapping of E' into a metric space E”’; if f is continuous at x, and g 
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continuous at f(x»), then h = gof ts continuous at x». If f ts continuous im E 
and g continuous in E’, then h is continuous in E. 


The second statement obviously follows from the first. Let W” be a 
neighborhood of h(x») = g(f(%»)); then, by (3.11.1) and the assumptions, 
g—1(W”) is a neighborhood of /(%) in E’, and {-1(g—!(W”’)) a neighborhood 
of x, in E, but j= (W )) — 2 WW Jee lnapanticulan, 


(3.11.6) 7 {cs a mapping of E into E’, continuous at x», and F a subspace 
of E containing x», then the restriction of f to F 1s continuous at Xq. 


For that restriction is the mapping fo7;, jp being the natural injection 
of F into E, which is continuous. 


Note however that the restriction to a subspace F of a mapping /: 
E — E’ may be continuous without / being continuous at any point of E; 
an example is given by the mapping /: R — R which is equal to 0 in the 
set Q of rational points, to 1 in its complement (‘“‘Dirichlet’s function’’) ; 
the restriction of f to Q is constant, hence continuous. 


A uniformly continuous mapping of E into E’ is a mapping such that for 
every € > 0, there exists a 6 > 0 such that the relation d(x,y) < 6 implies 
a’ (f(x), /(y)) <e. From this definition and (3.11.2), it follows that 


(3.11.7) <A uniformly continuous mapping is continuous. 


The converse is not true in general: for instance, the function x > x? 
is not uniformly continuous in R, since for given « > 0, the difference 
(x + a)? — x* = o(2x + «) can take arbitrarily large values (see however 
(3.16.5)). 

The examples given above (constant mapping, natural injection) are 
uniformly continuous. 


(3.11.8) For any non-empty subset A of E, x >d(x,A) is uniformly 
continuous. 


This follows from the definition and (3.4.2). 


(3.11.9) Jf fis a uniformly continuous mapping of E into E’, g a uniformly 
continuous mapping of E’ into E”, then h = gof is uniformly continuous. 


Indeed, given any « > 0, there is 6 > 0 such that d’(x’,y’) < 6 implies 
a’’(e{x'),g(y’))<e; then there is 7 > 0 such that d(x,y) <<» implies 
ad'(t(x),f(y)) <6; therefore d(x,y) < 4 implies a’ (h(x) ,hA(y)) < e. 
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PROBLEMS 


1) Let f be a mapping of a metric space E into a metric space E’. Show that the 
following properties are equivalent: 

a) f is continuous; 

b) for every subset A’ of E’, pa) (SOAs 

c) for every subset A’ of E’, f-1(A4 © f(A. 

Give an example of a continuous mapping f and a subset A’ C E’ such that f-1(A’) 
is not the closure of f—1(A’). 

2) For any metric space E, any number ry > 0 and any subset A of E, the set 
V,(A) of points x € E such that d(x,A) <1 is closed (use (3.11.8). 


3) In a metric space E, let A,B be two non empty subsets such that ANB = AnB=@. 
Show that there exists an open set UD A and an open set V> Bsuch that UN V= © 
(consider the function x — d(x,A) — d(x,B)). 


12. Homeomorphisms. Equivalent distances 


A mapping / of a metric space E into a metric space E’ is called a 
homeomorphism if: 1° it isa bijection; 2° both f and its inverse mapping /~* 
are continuous. Such a mapping is also said to be bicontinuous. The inverse 
mapping f~ 'is then a homeomorphism of E’ onto E. If fisa homeomorphism 
of E onto E’, g a homeomorphism of E’ onto E”, gof is a homeomorphism 
of E onto E” by (3.11.5). A homeomorphism may fail to be uniformly 
continuous (for instance, the homeomorphism x — x of R onto itself). 
Two metric spaces E,E’ are homeomorphic if there exists a homeomorphism 
of E onto E’. Two spaces homeomorphic to a third one are homeomorphic. 
By abuse of language, a space homeomorphic to a discrete metric space 
(3.2.5) is called a discrete space, even if the distance is not defined as in 
(ee 5e) 

An isometry is always uniformly continuous by definition, hence a 
homeomorphism. For instance, the complete real line R is by definition 
homeomorphic to the subspace [— I, ]] of R. 

Let d,,d, be two distances on a set E; this defines two metric spaces 
on E, which have to be considered as distinct (although they have the 
same ‘‘underlying set”); let E,,E, be these spaces. If the identity mapping 
x »x of E, onto E, is a homeomorphism, d,,dy are called equivalent 
distances (or topologically equivalent distances) on E, from (55) dea) eviersee 
that this means the families of open sets are the same in FE, and E,. The 
family of open sets of a metric space E is often called the topology of E; 
equivalent distances are thus those giving rise to the same topology. It 
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may be observed here that the definitions of neighborhoods, closed sets, 
cluster point, closure, intertor, exterior, dense sets, frontier, continuous func- 
tion only depend on the topologies of the spaces under consideration; 
they are topological notions; on the other hand, the notions of balls, spheres, 
diameter, bounded set, uniformly continuous function are not topological 
notions. Topological properties of a metric space are invariant under 
homeomorphisms. 

With the preceding notations, it may happen that the identity mapping 
x +x of E, into E, is continuous but not bicontinuous: for instance, 
take E=R, d,(x,y) = |x — y| and for d,(x,y) the distance defined in 
(3.2.5) taking only values 0 and 1. In such a case, the distance d, (resp. 
the topology of E,) is said to be finer than the distance d, (resp. the topology 
O1vES): 


PROBLEMS 


1) Let a be an irrational number > 0; for each rational number x > 0, let f,(*) 
be the unique real number such that 0 < f,(¥) < a and that ¥ — fg(%) is an integral 
multiple of a. Show that f, is an injective continuous mapping of the space Q* of 
rational numbers > 0 into the interval ]0,a[ of R, and that fn(Q7) is dense in ]0,a|[. 
Deduce from that result and from the problem in section 2.2 that there exists a 
bijective continuous mapping of Q onto itself which is not bicontinuous (compare to 
(4.2.2)). 

2) Let f be a continuous mapping of a metric space E into a metric space F. 

a) Let (Vy) be a covering of F by open subsets; show that if, for each erie 
restriction of f to f~1(V,) is a homeomorphism of the subspace f~1(V,) of E onto the 
subspace V, of F, { is a homeomorphism of E onto F. 

b) Give an example of a mapping / which is not injective, and of a covering (U,) 
of E by open subsets, such that the restriction of f to each of the U, is a homeo- 
morphism of the subspace U, of E onto the subspace /(U,) of F (one can take both 
E and F discrete). 

3) Let E,F,G be three metric spaces, f a continuous mapping of E into F, ga 
continuous mapping of F into G. Show that if f is surjective and gef is a homeo- 
morphism of E onto G, then f is a homeomorphism of E onto F and g is a homeo- 
morphism of F onto G. 


13. Limits 


Let E be a metric space, A a subset of E, a a cluster point of A. Suppose 
first that a does not belong to A. Then, if / is a mapping of A into a metric 
space E’, we say that f(x) has a limit a’ € E’ when x € A tends to a (or also 
that a’ is a limit of f at the point a € A with respect to A), if the mapping g of 
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AU {a} into E’ defined by taking g(x) = f(x) for xeEA, g(a) =a’, 1s 


» 8 
continuous at the point a; we then write a’ = lim f(x). If ae A, we 


x—a,xeEA 
use the same language and notation to mean that / is continuous at the 
point a, with a’ = f(a). 


(3.13.1) In order that a’ € E' be limit of f(x) when x € A tends to a, a necessary 
and sufficient condition is that, for every neighborhood V' of a’ in E’, there 
exist a neighborhood V of a in E such that f(VNA)CV’. 


(3.13.2) In order that a’ EE’ be limit of f(x) when xe A tends to a, a 
necessary and sufficient condition is that, for every ¢ > 0, there exist ao > 0 
such that the relations x € A, d(x,a) < 6 imply d'(a',f(x)) <e. 


These criteria are mere translations of the definitions. 


(3.13.3) A mapping can only have one limit with respect to A at a given 
point acA. 


For if a’,b’ were two limits of f at the point a, it follows from (3.13.2) 
and the triangle inequality that, for any e > 0, we would have @ (a al eaze, 
which is absurd if a’ 4 0’. 


(3.13.4) Let f be a mapping of E into E’. In order that f be continuous ata 
point x EE such that x» is a cluster pornt of E — {xo}, @ necessary and 


sufficient condition is that f(X9) = lim ON, 
xEE — {xo}, x — X 


Mere restatement of definitions. 


(3.13.5) Suppose a’ = lim f(x). Then, for every subset BCA such that 


xé€A,x—a 


a €B, a’ is also the limit of f at the point a, with respect to B. This applies 
in particular when B = VA, where V is a neighborhood of a. 


Obvious consequence of the definition and (3.11.6). 


(3.13.6) Suppose f has a limit a’ at the point acA with respect to A; if g ts 


a mapping of E' into E", continuous at the point a’, theng(a')= lim g(f(x)). 
xeEA,x—a 


This follows at once from (3.11.5). 


(3.13.7) If a’= lim f(x), then a’ f(A). 


x—a,xeA 


iMorlovels.1 3.1), fer covery neighborhood V’ of a’, V’N/(A) contains 
{(V NA), which is not empty since a eA. 
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An important case is that of lamuits of sequences: in the extended real 
line, we consider the point +co, which is a cluster point of the set N of 
natural integers. A mapping of N into a metric space E is a sequence 
n +x, of points of E; if @€E is limit of that mapping at + oo, with 
respect to N, we say that a is limit of the sequence (x,) (or that the sequence 
(x,) converges to a) and write a = lim x,. The criteria (3.13.1) and (3.13.2) 


n—- © 


become here: 


(3.13.8) In order thata = lim x,, @ necessary and sufficient condition ts 


n> 
that, for every neighborhood V of a, there exist an integer my such that the 
relation n > 1%) implies x, €V (in other words, V contains all x, with the 
exception of a finite number of indices). 


(3.13.9) In order that a= lim x,, @ necessary and sufficient condition 


n> 0 
is that, for every ¢ > 0, there exist an integer ng such that the relation n > Ng 
implies d(a,x,) < €. 
This last criterion can also be written lim d(a,x,) = 0. 


n—> © 


A subsequence of a sequence (x,) is a sequence k — x, , where k —7n, 


is a strictly increasing infinite sequence of integers. It follows at once 
from (3.13.5) that: 


(6.13.10) ap hin eee ahaa Xap for any subsequence of (X%,). 
n> o k—> 
Let (x,) be a sequence of points in a metric space E; a point D€ E is 
said to be a cluster value of the sequence (%,,) if there exists a subsequence 
(x,,) Such that b= lim x,.. 


k—>o 


“as 


A cluster value of a subsequence of a sequence (x,) is also a cluster value 
of (x,). If (x,) has a limit a, ais the unique cluster value of (x,), as follows 
from (3.13.10); the converse does not hold in general: for instance, the 
sequence (x,) of real numbers such that x, = 1/m and %,,, =» (n 21) 
has 0 as a unique cluster value, but does not converge to 0 (see however 


(3.16.4). 


(3.13.11) In order that bEE should be a cluster value of (x,), a necessary 
and sufficient condition 1s that, for any neighborhood V of b and any integer m, 
there exist an integer n > m such that x, €V. 
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The condition is obviously necessary. Conversely, suppose it is satisfied, 
and define the subsequence (x,,,) by the following condition: m, is the 


smallest integer > ,_, and such that (b,x, ) <I/k. As d(x, ,6) lin 


for any k >h, the subsequence (x, _) converges to 0. 


np 


(3.13.12) If bis a cluster value of (x,) in E, and if the mapping g of E into E’ 
is continuous at b, then g(b) ts a cluster value of the sequence (g(x,)). 


Clear from the definition and (3.13.6). 


From (3.13.7) if follows that if b is a cluster value (and a fortiori a limit) 
of a sequence of points x, belonging to a subset A of E, then 0 eA. 
Conversely : 


(3.13.13) For any point a eA, there is a sequence (x,) of points of A such 
igre" 

For by assumption, the set A N B(a;1/m) is not empty, hence (by (1.4.5)) 
for each », there is an «,¢ AM B(a;l/n), and the sequence (%,) converges 
rowepy (3.13.9). 


(3.13.14) Let f be a mapping of ACE into a metric space E’ and a eA. 
In order that f have a limit a’ € E’ with respect to A at the point a, a necessary 
and sufficient condition is that, for every sequence (x,) of points of A such 
Lie Gs Mya oy Hee ee = Ne ee 

The necessity follows from the definitions and (3.13.6). Suppose 
conversely that the condition is satisfied and that a’ is of the limit of / 
with respect to A at the point a. Then, by (3.13.2), there exists a > 0 
such that, for each integer 7, there exists x, €A satisfying the two condi- 
tions d(a,x,) < 1/n and d(a’,/(x,)) >a. The sequence (x,) converges then 
to a, but (f(x,)) does not converge to a’, which is a contradiction. 


PROBLEMS 


1) Let (u,) be a sequence of real numbers > 0 such that lim u, = 0. Show 
n—->O 


that there are infinitely many indices » such that u, > u, for every m > n. 

2) a) Let (x,) be a sequence in a metric space E. Show that if the three sub- 
sequences (2), (¥%2n+1) and (%3,) are convergent, (¥,) is convergent. 

b) Give an example of a sequence (¥,) of real numbers which is not convergent, 
but is such that for each & > 2, the subsequence (+z) is convergent (consider the sub- 
sequence (%p,), where (p,) is the strictly increasing sequence of prime numbers). 
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3) Let E be a separable metric space, f an arbitrary mapping of E into R. Show 


that the set of points @€E such that lim f(x) exists and is distinct trom f(a), 
X—>a, x xa 


is at most denumerable. (For every pair of rational numbers p,g such that p < 4g, 
consider the set of points a@€ E such that 


Ha)<p<q< lim f(z) 


X—>a, xa 
and show that it is at most denumerable, using problem 2 a) of section 3.9. Consider 


similarly the set of points a@€ E such that 


lim f(z)<p<q<f(a).) 


Xa, X#a 


14. Cauchy sequences, complete spaces 


In a metric space E, a Cauchy sequence is a sequence (x,) such that, 
for any ¢ > 0, there exists an integer m) such that the relations p > 
and ¢ 2M imply d(x,,x,) <e. 


(3.14.1) Any convergent sequence is a Cauchy sequence. 


For if a= lim x,, for any e >0 there exists m) such that 2 
n—> 


2 
implies d(a,x,) <e/2; by the triangle inequality, the relations p> mp, 
q = imply d(x,,x,) < e. 


No 


(3.14.2) If (x,) ts a Cauchy sequence, any cluster value of (x,) is a limit 


of (%,). 


Indeed, if 5 is a cluster value of (%,), given e > 0, there is 7 such that 
p 2M and g > ny imply d(x,,x,) < e/2; on the other hand, by (3.13.11) 
there is a py > mq such that d(b,x,) < e/2; by the triangle inequality, it 
follows that d(b,x,) <e for any n > np. 


A metric space E is called complete if any Cauchy sequence in E is 
convergent (to a point of E, of course). 


(3.14.3) The real line R is a complete metric space. 


Let (x,) be a Cauchy sequence of real numbers. Define the sequence 
(7,) of integers by induction in the following way: n, 4, 18 the smallest 
integer > 7, such that, for p >m,4, and ¢g>miy, |x, — lei 
the possibility of the definition follows from the fact that (x,) is a Cauchy 
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sequence. Let I, be the closed interval [Xn, = en 125") we have 


k—-1, 


feel, tor |<27-*~*; on the other hand, for m2, 


Ke 
"R+1 
X, € 1, by definition. Now from axiom (2.1.(IV)) it follows that the nested 
intervals I, have a non-empty intersection; let a be in 1, for all k. Then 
it is clear that |a — x,,| <2 7**" for all m > ,, hence a = lim ~,. 


n> 


(3.14.4) If a subspace F of a metric space E 1s complete, F ts closed in E. 


Indeed, any point a€F is the limit of a sequence (x,) of points of F 
by (3.13.13). The sequence (%,) is a Cauchy sequence by (3.14.1), hence 
by assumption converges to a point im F; but by (3.13.3))) = @, hence 
aeéF; this shows F = F, q.e.d. 


(3.14.5) In a complete metric space E, any closed subset F is a complete 
subspace. 


For a Cauchy sequence (x,) of points of F converges by assumption to 
a point a€E, and as the x, belong to F, ae F =F by (3.13.7). 


Theorems (3.14.4) and (3.14.5) immediately enable one to give examples 
both of complete and of non-complete spaces, starting from the fact that 
the real line is complete. 

The fundamental importance of complete spaces lies in the fact that 
to prove a sequence is convergent in such a space, one needs only prove 
it is a Cauchy sequence (one also says that such a sequence satisfies the 
Cauchy criterion); the main difference between application of that test 
and of the definition of a convergent sequence is that in the Cauchy 
criterion one does not need to know in advance the value of the limit. 

We have already mentioned that on a same set E, two distances 4),d, 
may be topologically equivalent, but the identity mapping of E, into E, 
(E,,E, being the corresponding metric spaces) may fail to be uniformly 
continuous. This is the case, for instance, if we take E= R, d,(x,y) =|x—yI, 
d,(x,y) being the distance in the extended real line, restricted to R; E, is 
then complete and not E, since E, is not closed in R. When two distances 
d,,dy are such that the identity mapping of E, into Eg 1s uniformly contin- 
uous as well as the inverse mapping, 4, and 4, are said to be umformly 
equivalent. Cauchy sequences are then the same for both distances. For 
instance, if there exist two real numbers « > 0, 6 > 0 such that, for any 
pair of points x,y in E, ad,(x,Vv) < dq(x,y) < Ba,(x,y) then d, and d, are 
uniformly equivalent distances. 
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Let E, E’ be two metric spaces, A a subset of E, /a mapping of A into E’; 
the oscillation of {f in A is by definition the diameter 6(/(A)) (which may 
be +o). Let a be a cluster point of A; the oscillation of { at the point a 
with respect to A is 2(a; f) = inf 6({(VM A)), where V runs over the set of 

Vv 


neighborhoods of a (or merely a fundamental system of neighborhoods). 


(3.14.6) Suppose E’ is a complete metric space; in order that lim f(x) 

x—>a,xEA 
exist, a necessary and sufficient condition 1s that the oscillation of f at the 
point a, with respect to A, be 0. 


The condition is necessary by (3.13.2). Suppose conversely that it is 
satisfied, and let (x,,) be a sequence of points of A converging to a; then 
it follows from the assumption that the sequence (/(x,,)) is a Cauchy sequence 
in EF’, for, given any e> 0, there is a neighborhood V of a such that 
a’(f(x),f(y)) < e for any two points x,y in VN A, and we have x,EVNA 
except for a finite number of indices. Hence the sequence (/(x,)) has a 
limit a’. Moreover, for any other sequence (y,) of points of A, eae 
to a, the limits of (/(%,)) and of (/(y,)) are the same since d'(/(x,),f(y,)) < 
as soon as x, and y, are bothin VM A. Hence lim /(x) = a’ from me 


x—>a,xEA 


definition of the limit and from (3.13.14). 


PROBLEMS 


1) a) Let E be an ultrametric space (section 3.8, problem 4). In order that a 
sequence (¥,) in E be a Cauchy sequence, show that it is necessary and sufficient 
that lim d(4#,,%,14)) = 0. 

n+ © 

b) Let X be an arbitrary set, E the set of all infinite sequences x = (¥,) of 
elements of X. For any two distinct elements x = (x,), y = (y,) of E, let R(x,y) 
be the smallest integer » such that ¥, A yy; let d(x,y) = I/k(x,y) if x ~ y, d(x,x) =0. 
Prove that d is an ultrametric distance on E, and that the metric space E defined 
by d is complete. 


2) Let be an increasing real valued function defined in the interval 0 <u<to, 
and such that 9(0) = 0, (vu) > 0 if u> 0, and m(u + v) < piu) + piv). Let d(x,y) 
be a distance on a set E; then d,(x,y) = y(d(x,v)) is another distance on E. 


a) Show that if m is continuous at the point u = 0, the distances d and d, are 
uniformly equivalent. Conversely, if, for the distance d, there is a point #, € E which 
is not isolated in E (section 3.9, problem 2), and if d and d, are topologically equivalent, 
then @ is continuous at the point u = 0. 
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b) Prove that the functions 
u(0<r<l), log (1 + ), uf(1 + 4), Inf (1,%) 


satisfy the preceding conditions. Using the last two, it is thus seen that for any 
distance on E, there is a uniformly equivalent distance which is bounded. 


3) On the real line, let d(x,y) = |* — y| be the usual distance, d’(%,y) = |*3 — y3|; 
show that these two distances are topologically equivalent and that the Cauchy 
sequences are the same for both, but that they are not uniformly equivalent. 


4) Let E be a complete metric space, d the distance on E, A the intersection of 
a sequence (U,) of open subsets of E; let F, = E — U,, and for every pair of points 
x,y of A, write 


1 1 
eM TN ier.) = cen 
d,,(%,¥) — frl%y)/(1 a frl*y)), and d’(x,y) = d(x,y) ap 5 d,,(x,y)/2”. Show that 
n=0 


on the subspace A of E, d’ is a distance which is topologically equivalent to d, and 
that for the distance d’, A is a complete metric space. (Note that a Cauchy sequence 
for d’ is also a Cauchy sequence for d, but that its limit in E may not belong to any 
of the F,.) Apply to the subspace I of R consisting of all irrational numbers. 


15. Elementary extension theorems 


(3.15.1) Let f and g be two continuous mappings of a metric space E into 
a metric space E’. The set A of the points xEE such that f(x) = g(x) ts 
closed in E. 


It is equivalent to prove the set E — A open. Let ae E — A, then 
Ha) ~ g(a); let d'(f(a),g(a)) = «>. By continuity of f,g at a and from 
(3.6.3) it follows that there is a neighborhood V of @ in E such that for 
x EV, d'(f(a),f(x)) < a/2 and d’(g(a),g(*)) < a/2. Then for x € V, f(x) # g(x), 
otherwise we would have d’(f(a),g(a)) < « by the triangle inequality. 


(3.15.2) (‘Principle of extension of identities’). Let f,g be two continuous 
mappings of a metric space E into a metric space E'; if f(x) = g(x) for all 
points x of a dense subset A in E, then ae 


For the set of points x where f(x) = g(%) is closed by (3.15.1) and 
contains A. 
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(3.15.3) Let f,g be two continuous mappings of a metric space E into the 
extended real line R. The set P of the points x € E such that f(x) < g(x) ts 
closed in E. 


We prove again E — P is open. Suppose /(a) > g(a), and let BER 
be such that f(a) > 6 > g(a) (cf. (2.2.16) and the definition of R in 3.3), 
The inverse image V by / of the open interval ]#, + oo] is a neighborhood 
of a by (3.11.1); so is the inverse image W by g of the open interval 
[— oo, B[. Hence VN W is a neighborhood of a by (3.6.3), and for 
KEV OW, (St Sree qed: 


(3.15.4) (‘Principle of extension of inequalities’). Let f,g be two contin- 
uous mappings of a metric space E into the extended real line R; tf f(x) < g(x) 
for all points x of a dense subset A of E, then f(x) < g(x) for all x EE. 


The proof follows from (3.15.3) as (3.15.2) from (3.15.1). 


(3.15.5) Let A be a dense subset of a metric space E, and f a mapping of A 


into a metric space E:'. In order that there exist a continuous mapping f of 
E into E’, coinciding with f in A, a necessary and sufficient condition is 


that, forany x EE, thelimit lim f(y) existin E’; the continuous mapping 
yrxyveA 


f is then unique. 


As any x € E belongs to A, we must have f(x) = lim f(y) by (3.13.5), 


yoxyvea 


hence /(x) = lim f(y); this shows the necessity of the condition and the 


Vx, xEA 
fact that if the continuous mapping / exists, it is unique (this follows 
also from (3.15.2)). Conversely, suppose the condition satisfied, and let 


us prove that the mapping / defined by (x) = lim f(y) is a solution 


YrxxeA 


of the extension problem. First of all, if x € A, the existence of the limit 


implies by definition ix) = f(x), hence f extends /, and it remains to see that 


fis continuous. Let « € E, V’ a neighborhood of f{(x) in E’; there is a closed 


ball B’ of center (x) contained in V’. By assumption, there is an open 
neighborhood V of x in E such that f(Vin A) CB’ (by (3.13.1)). For any 


y €V, f(y) is the limit of f at the point y with respect to A, hence also 
with respect to VN A, by (3.13.5); hence, it follows from (3.13.7) that 


f(ivyyef(vn A), and therefore iy) € B’ since B’ is closed; q.e.d. 
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(3.15.6) Let A be a dense subset of a metric space E, and f a uniformly 
continuous mapping of A into a complete metric space E’. Then there exists 


a continuous mapping f of E into E’ coinciding with f in A; moreover, f 1s 
uniformly continuous. 


To prove the existence of f, it follows from (3.15.5) and (3.14.6) that 
we have to show the oscillation of f at any point x¢E, with respect 
to A, is 0. Now for any ¢ > 0, there is 6 > 0 such that d(y,z) < 6 implies 
d'(f(y),f(z)) < e/3 (y,z in A). Hence, the diameter of /(A N B(x;6/2)) is at 
most ¢/3, which proves our assertion. Consider now any two points s,f inE 
such that d(s,f) < 6/2. There is an ye A such that d(s,y) < 6/4 and 


d’(f(s),f(v)) < e/3, and a ze A such that d(t,z) < 6/4 and d’(/(t),/{z)) < ¢/3. 
From the triangle inequality it follows that d(y,z) < 6, and as y,z are in BS, 


d'(f(y),f(2)) < e/3; hence, by the triangle inequality, a’ (f(s), f(t)) < e; this 


proves that f is uniformly continuous. 


PROBLEM 


Let » > 7, be a bijection of N onto the set A of all rational numbers # such that 
0< x <1 (2.2.15). We define a function in E = [0,1] by putting f(v) = 2 1/2”, 
Vyst 
the infinite sum being extended only to those » such that 7, < *. Show that the 
restriction of / to the set B of all irrational numbers ¥ € {0,1] is continuous, but 
cannot be extended to a function continuous in E. 


16. Compact spaces 


A metric space E is called compact if it satisfies the following condition 
(‘“Borel-Lebesgue axiom’): for every covering (U,),cey, of E by open sets 
(‘open covering’) there exists a finite subfamily (U,),en (HCL and finite) 
which is a covering of E. 

A metric space E is called precompact if it satisfies the following condi- 
tion: for any ¢ > 0, there is a finite covering of E by sets of diameter < &. 
This is immediately equivalent to the following property: for any e> 0, 
there is a finite subset F of E such that d(x,F) <e for every x EE. 

In the theory of metric spaces, these notions are a substitute for the 
notion of “finiteness” in pure set theory; they express that the metric 
space is, so to speak, “approximately finite”. Note that, from the defini- 
tion, it follows that compactness is a topological notion, but precompactness 
is not (see remark after (3.17.6)). 
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(3.16.1) For a metric space E, the following three conditions are equivalent: 
a) E ts compact; 
b) any infinite sequence in E has at least a cluster value; 


c) E ts precompact and complete. 


a) = b): Let (x,) be a sequence in the compact space E, and let F,, be 


tie closure of the sev (7,009... 4,8, We plovertnelemeram paint 
belonging to all F,. Otherwise, the open sets U, = E — F, would form a 
covering of E, hence there would exist a finite number of them, Wiens U,, 


forming a covering of E; this would mean that KOR aie F, == (Oe 


but this is absurd, since if m is greater than Max (m,,...,n,), F,, (which is 
not empty by definition) is contained in all the F,, (1 <1 <<). Hence the 


intersection (] F,, contains at least a point a. By (3.13.11) and the defini- 


n=1 


tion of a cluster point, a is a cluster value of (x,). 


b) = c): First any Cauchy sequence in E has a cluster value, hence 
is convergent by (3.14.2), and therefore E is complete. Suppose E were 
not precompact, 1.e. there exists a number « > 0 such that E has no finite 
covering by balls of radius a. Then we can define by induction a sequence 
(x,,) In the following way: supposing that a(x;,%;) > «fort A7,1<i<gu—l, 
1 <j <n — 1, the union of the balls of center x, (l <1 <n" —1) and 
radius « is not the whole space, hence there is A, swely thaited (yx eee: 
for 1<m. The sequence (x,) cannot have a cluster value, for if a were 
such a value, there would be a subsequence (%n,) converging to a, hence we 


would have d(a,x,,) < a/2 for k >kp, and therefore A(X Xn) =< @ for 
h>ko, k > ky, h #k, contrary to the definition of (ale 


c) = a): Suppose we have an open covering (U,),-; of E such that 
no finite subfamily is a covering of E. We define by induction a sequence 
(B,) of balls in the following way: suppose B,_, has radius 1/2”~1, and 
there is no finite subfamily of (V,),-1 which is a covering of B,,_,. Then 
we consider a finite covering (Vili <a<m of E by balls of radius 1/2"; among 
the balls V, which have a non-empty intersection with B,_,, there is 
one at least B, for which no finite subfamily of (U,) is a covering; otherwise, 
as these V, form a covering of B,_,, there would be a finite subfamily 
of (U,) which would be a covering of B,_,. Let x, be the center of By 
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as B,_, and B, have a common point, the triangle inequality shows that 
Cm elo meme 201/22) Hence, if 7 = p< 9g, we have 
I 


1 I 
GXs,) eee + 906 oh ONES a) SS + eee + aq-2 < Qn— 2° 


This proves that (x,) is a Cauchy sequence in E, hence converges to a point a. 
Let Ay be an index such that aeU,; there is an « >0 such that 
B(a;a) © U,. From the definition of a, it follows there exists an integer 1 
such that d(a,x,) < a/2, and 1/2"< «/2. The triangle inequality then 
shows that B,,¢ B(a;«)C U,. But this is a contradiction since no finite 
subfamily of (U,) is supposed to be a covering of B,,. 


(3.16.2) Any precompact metric space is separable. 


If E is precompact, for any 7 there is, by definition, a finite subset A, 
of E such that for every x GE, d(x,A,) < lfm. Let A= (JA,; A is at 


most denumerable, and for each x € E, d(x,A) < d(x,A,) < 1/m for any », 
hence d(x,A)=0, E=A. 


(3.16.3) Let E be a metric space. Any two of the following properties imply 
the third: 

a) i 2s compact. 
b) E is discrete (more precisely, homeomorphic to a discrete space) ; 


c) E ts finite. 


a) and b) imply c), for each one-point set {x} is open, hence the family 
of sets {x} is an open covering of E, and a finite subfamily can only be a 
covering of E if E is finite. On the other hand, c) implies both a) and b), 
for each one point set being closed, every subset of E is closed as finite 
union of closed sets, hence every subset of E is open, and therefore E is 
homeomorphic to a discrete space. Finally, as there is only a finite number 
of open sets, E is compact. 


(3.16.4) In a compact metric space E, any sequence (x,,) which has only 
one cluster value a converges to a. 


Suppose a is not the limit of (x,); then there would exist a number 
a > 0 such that there would be an infinite subsequence (%,,) of (x,,) whose 


points belong to E — B(a;a). By assumption, this subsequence has a 
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cluster value 6, and as E — B(a;a) is closed, 6 belongs to E — B(a;«) 
by (3.13.7). The sequence (%,) would thus have two distinct cluster values, 
contrary to assumption. 


(3.16.5) Any continuous mapping f of a compact metric space E into a metric 
space E’ 1s uniformly continuous. 


Suppose the contrary; there would then be a number « > 0 and two 
sequences (x,) and (y,) of points of E such that d(x,,y,) << 1/m and 
a'(f(X,),f(¥n)) 2 «. We can find a subsequence (x,,) converging to a point a, 


and as (Xp sVng) < 1/n,, it follows from the triangle inequality that the 
sequence (Yup) also converges to a. But fis continuous at the point a, hence 


there is a 6 > 0 such that d’(f(a),/(x)) < a/2 for d(a,x) <6. Take & such 
that d(a,x,) <6, d(4,V,,) < 6; then a (f(Xq,) sf (Yu) < a contrary to the 


definition of the sequences (%,) and (y,). 


PROBLEMS 


1) a) Let E be a compact metric space, (Ug)gey an open covering of E. Show 
that there is a number a > 0 such that any open ball of radius « is contained in 
one at least of the U, (““Lebesgue’s property’). (For each x€E, let B(¥;7,) be 
such that the ball B(¥;2r,) is contained in one of the Uj; cover E by a finite number 
of the balls B(x; 7,) and show that the smallest of the corresponding radii 7, has the 
required property.) 

b) Give an example of a precompact space in which the result of a) fails to be true. 

2) For a metric space E, show that the following properties are equivalent: 

a) E is compact; 

b) every denumerable open covering of E contains a finite subcovering; 

c) every decreasing sequence (F,) of non-empty closed sets of E has a non-empty 
intersection; 

d) for any infinite open covering (U,)je, of E, there is a subset HEL, distinct 
from L and such that (U,),ey is still a covering of E; 

€) every pointwise finite open covering (U,) of E (i.e. such that for any point 
x €E, x € U; only for a finite subset of indices) contains a finite subcovering; 

f) every infinite subspace of E which is discrete is not closed. (Using (3.16.1), 
show that f) implies a), and that d) and e) imply f).) 

3) Let E be a metric space, d the distance on E, §¥(E) ¢ (E) the set of all closed 
non empty subsets of E. We may suppose that the distance on E is bounded (section 
3.14, problem 2). For any two elements A,B of &(E), let p(A,B) = sup d(x,B), 


xeA 


h(A,B) = sup (p(A,B),p(B,A)). 
a) Show that, on ((E), hk is a distance (the ‘Hausdorff distance’’). 
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b) Show that if E is complete, §(E) is complete. (Let (X,) be a Cauchy sequence 
in %(E); for each n, let Y, be the closure of the union of the sets X,., such that 
p> 0; consider the intersection of the decreasing sequence (Y,) in E.) 

c) Show that if E is precompact, §(E) is precompact (use the problem in sec- 
tion 1.1). Therefore, if E is compact, §(E) is compact. 


17. Compact sets 


A compact (resp. precompact) set in a metric space E is a subset A such 
that the subspace A of E be compact (resp. precompact). 


(3.17.1) Any precompact set is bounded. 


This follows from the fact that a finite union of bounded sets is bounded 
(GAnae 

The converse of (3.17.1) does not hold in general, for any distance is 
equivalent to a bounded distance (section 3.14, problem 2) (but see 


(3.17.6). 


(3.17.2) Any compact set in a metric space is closed. 


Indeed, such a subspace is complete by (3.16.1), and we need only 
apply (3.14.4). 


(3.17.3) In a compact space E, every closed subset 1s compact. 


For such a set is obviously precompact, and it is a complete subspace 


by (3.14.5). 


A relatively compact set in a metric space E is a subset A such that the 
closure A is compact. 


(3.17.4) Any subset of a relatively compact (resp. precompact) set 1s relatively 
compact (resp. precompact). 


This follows at once from the definitions and (3.17.3). 


(3.17.5) A relatively compact set is precompact. In a complete space, a 
precompact set is relatively compact. 


The first assertion is immediate by (3.17.4). Suppose next E is complete 
and ACE precompact. For any ¢ > 0, there is a covering of A by a finite 
number of sets C, of A diameter < ¢/2; each C;, is contained in a closed 
ball D, (in E) of radius ¢/2. We have therefore AC {J D,, the set U ID) 

k 7 


60 Ill. METRIC SPACES 


being closed, and each D, has a diameter < e. On the other hand, A is a 
complete subspace by (3.14.5), whence the result. 


A precompact space E which is not complete gives an example of a 
precompact set which is not relatively compact in E. 


(3.17.6) (Borel-Lebesgue theorem). J order that a subset of the real line 
be relatively compact, a necessary and sufficient condition 1s that it be bounded. 


In view of (3.17.1), (3.17.4) and (3.17.5), all we have to do is to 
prove any closed interval [a,b] is precompact. For each integer x, let 
X,=a+k(b—a)/n, (0<k <n); then the open intervals of center x, 
and length 2/n form a covering of [4,6], q.e.d. 


Remark. — If, on the real line, we consider the two distances aa 
defined in section 3.14, it follows from (3.17.1) that E, is not precompact, 
whereas E, is precompact, since the extended real line R, being 
homeomorphic to the closed interval [—1,+1] of R (3.12) is compact 
by (3.17.6), 


(3.17.7) A necessary and sufficient condition that a subset A of a metric 
space E be relatively compact 1s that every sequence of points of A have a 
cluster value in E. 


The condition is obviously necessary, by (3.16.1). Conversely, let us 
suppose it is satisfied, and let us prove that every sequence (x,) of points 
of A has a cluster value in E (which will therefore be in A by (3.13.7)), and 
hence that A is compact by (3.16.1). For each 1, it follows from the defini- 
tion of closure that there exists y, € A such that d(x,,y,) < 1/n. By assump- 
tion, there is a subsequence Oy) which converges to a point a; from the 


triangle inequality if follows that (%,,) converges also to a, q.e.d. 


(3.17.8) The union of two relatively compact sets is relatively compact. 


From (3.8.8) it follows that we need only prove that the union of two 
compact sets A,B is compact. Let (U,)je, be an open covering of the 
subspace AUB; each U, can be written (AUB) V,, where V, is open 
in E, by (3.10.1). By assumption, there is a finite subset H (resp. K) of L 
such that the subfamily (AU V,),.4 (resp. (BN V,),¢x) is a covering of A 


(resp. B). It is then clear that the family (AUB) OV,),eH UK is a covering 
of AUB. 
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(3.17.9) Let f be a continuous mapping of a metric space E into a metric 
space E’. For every compact (resp. relatively compact) subset A of E, {(A) 
is compact, hence closed in E' (resp. relatively compact in E’). 


It is enough to prove that /(A) is compact when A is compact. Let 
(U,);<, be an open covering of the subspace /(A) of E’; then the sets 
Afn/-(U,) form an open covering of the subspace A by (3.11.4); by 
assumption, there is a finite subset H of L such that the sets AN iO) 
for AEH still form a covering of A; then the sets U, = /(AN/-(U,)) 
for 4€H will form a covering of /(A), q.e.d. 


(3.17.10) Let E be a compact metric space, { a continuous mapping of E 
into R; then f(E) is bounded, and there exist two points a,b in E such that 


f(a) = inf f(x), f(b) = sup (2). 
we 8. xeE 
The first assertion follows from (3.17.9) and (3.17.1). On the other 
hand, /(E) is closed in R by (3.17.2), hence sup /(E) and inf /(E), which 
are cluster points of /(E), belong to /(E). 


(3.17.11) Let A be a compact subset in a metric space E. Then the sets V,(A) 
(see 3.6) form a fundamental system of neighborhoods of A. 


Let U be a neighborhood of A; the real function « > d(x,E — V)is > 0 
and continuous in A by (3.11.8), hence there is a point %)€A such that 
d(%,,E — U) = inf d(x,E — U) by GA710). But dE U) —7 = 0, 

xeEA 


hence V,(A) CU. 


(3.17.12) If E is a compact metric space, f a continuous injective mapping 
of E into a metric space E’, then f ws a homeomorphism of E onto {(E). 


All we need to prove is that for every closed set AC E, /(A) is closed 
in {(E) (by (3.11.4)); but this follows from (817-3 )andi(G 7.7): 


PROBLEMS 


1) Let f be a uniformly continuous mapping of a metric space E into a metric 
space E’. Show that for any precompact subset A of E, /(A) is precompact. 

2) In a metric space E, let A be a compact subset, B a closed subset such that 
ANB -=@. Show that d(A,B) > 0. 

3) Let E be a compact ultrametric space (section 3.8, problem 4) d the distance 
on E. Show that for every %)¢E, the image of E by the mapping + — d(¥%9,*) is an 
at most denumerable subset of the interval [0, + oof in which every point (with the 
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possible exception of 0) is isolated (section 3.9, problem 2). (For any y = d(%,*) > 0, 
consider the 1.u.b. of d(%,y) on the set of points y such that d(%9,y) <7, and the g.1.b. 
of d(x9,2) on the set of points z such that d(%,,z) > 7; use section 3.8, problem 4). 

4) Let E be a compact metric space, d the distance on E, f a mapping of E into E 
such that, for any pair (*,y) of points of E, d(f(x),f(y)) > 4(*,y). Show that f is an 
isometry of E onto E. (Let a,b be any two points of E; put fy =fn—1%% an = fala), 
b, = fy(b); show that for any e > 0 there exists an index & such that d(a,ay) <e€ 
and d(b,bp) < e, and conclude that {(E) is dense in E and that d(f(a),f(6)) = d(a,b).) 

5) Let E,E’ be two metric spaces, f a mapping of E into E’. Show that if the 
restriction of f to any compact subspace of E is continuous, then / is continuous in E 
(use (3.13.14)). 


18. Locally compact spaces 


A metric space E is said to be locally compact if for every point x EE, 
there exists a compact neighborhood of x in E. Any discrete space is 
locally compact, but not compact unless it is finite (3.16.3). 


(3.18.1) The real line R ts locally compact but not compact. 


This follows immediately from the Borel-Lebesgue theorem (3.17.6). 


(3.18.2) Let A be a compact set in a locally compact metric space E. Then 
there exists an r >0O such that V,(A) (see 3.6) ts relatively compact in E. 


For each x € A, there is a compact neighborhood V, of x; the V. form 
an open covering of A, hence there is a finite subset {x,,...,%,} in A such that 


the Ue (l<i<~) form an open covering of A. The set U=LJ V,. 
p=] E 


is compact by (3.17.8) and is a neighborhood of A; hence the result, by 
applying (3.17.11). 


(3.18.3) Let E be a locally compact metric space. The following properties 
are equivalent: 


a) there exists an increasing sequence (U,) of open relatively compact 
sets in E such that U,, CU, ., for every n, and E= (J U,; 
n 


b) E ts a denumerable union of compact subsets; 
c) E ts separable. 


It is clear that a) implies b), since U, is compact. If E is the union of a 
sequence (K,) of compact sets, each subspace K,, is separable (by (3.16.2)); 
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ifD,, isan at most denumerable set in K,, dense with respect to K,, then 
D=WUD, is at most denumerable, and dense in E, since 
n 


E=UK,¢UD, cD; hence b) implies c). Let us suppose finally that 


E is separable, and let (V,) be an at most denumerable basis for the 
open sets of E (see (3.9.4)). For every xeE, there is a compact 
neighborhood W, of x, hence, by (3.9.3), an index (x) such that 
xEVy,CW,. It follows that those of the V, which are relatively 
compact already constitute a basis for the open sets of E. We can 
therefore suppose that all the V,, are relatively compact. We then define 
U, by induction in the following way: U, = V,,U,41 is the union of 
Veep ancl Gh V,(U,,), where 7 >0 has been taken such that VWs 
relatively compact (which is possible by (3.18.2)); it is then clear 


that the sequence (U,) verifies property a). 


(3.18.4) In a locally compact metric space E, every open subspace and every 
closed subspace 1s locally compact. 


Suppose A is open in E; for every x EE, there is a closed ball B’(a; 7) 
which is compact (from the definition of a locally compact space and 
(3.17.3)). On the other hand, there is 7 ay suche that thesballels(aner) 
is contained in A; as it is compact by (3.17.3), A is locally compact. 

Suppose A is closed in E, and let a € A; then if V is a compact neigh- 
borhood of a in E, VN A is a neighborhood of a in A by (3.10.4), and is 
compact by (3.17.3); this proves A is locally compact. 


PROBLEMS 


1) If A is a locally compact subspace of a metric space E, show that A is locally 
closed (section 3.10, problem 3) in E. The converse is true if E is locally compact 
(use (3.18.4)). 

2) a) Show that in a locally compact metric space, the intersection of two locally 
compact subspaces is locally compact (cf. problem 1). 

b) In the real line, give an example of two locally compact subspaces whose union 
is not locally compact, and an example of a locally compact subspace whose com- 
plement is not locally compact. 

3) a) Give an example of a locally compact metric space which is not complete. 

b) Let E be a metric space such that there exists a number 7 > 0 having the 
property that each closed ball B’(x; 7) ( € E) is compact. Show that E is complete 


and that for any relatively compact subset A of E, the set Vip2(A) of the points ¥€ E 
such that d(¥,A) < 7/2 is compact. 
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19. Connected spaces and connected sets 


A metric space E is said to be connected if the only subsets of E which 
are both open and closed are the empty set 0 and the set E itself. An 
equivalent formulation is that there does not exist a pair of open non- 
empty subsets A,B of E such that AUB = E,AN B = 9. A space reduced 
to a single point is connected. A subset F of a metric space E is connected 
if the swbspace F of E is connected. A metric space E is said to be locally 
connected if, for every x € E, there is a fundamental system of connected 


neighborhoods of x. 


(3.19.1) In order that a subset A of the real line K be connected, a necessary 
and sufficient condition is that A be an interval (bounded or not). The real 


line is a connected and locally connected space. 


The second assertion obviously follows from the first. Suppose A is 
connected; if A is reduced to a single point, A is an interval. Suppose A 
contains two distinct points a < b. We prove every x such thata <x <b 
belongs to A. Otherwise, A would be the union of the non-empty sets 
B=AN]—oco, x{ and C= AN ]x, +co[, both of which are open in A 
and such that BNC = ©. From this property, we deduce that A is nec- 
essarily an interval. Indeed, let ce A, and let p,q be the g.l.b. and l.u.b. 
of Ain R; if = —oo, then for every x <c, there is y < x belonging 
to A; hence x € A, so ]— ov, c] is contained in A; if pis finite and p<, 
for every x such that p< x <c there is yeéA such that p< y< x, 
hence again x € A, so that A contains the interval ]f,c]. Similarly, one 
shows that A contains [c,g[ if g > c; it follows that in any case A contains 
the interval |/,g[, and therefore must be one of the four intervals in R of 
extremities ~,g (of course, if p = —oo (resp. g = +00) p (resp. q) does 
not belong to A). 

Conversely, suppose A is an interval of origin a and extremity 0} in R 
(the possibilities a = —co,a¢A,b = +00,b¢A being included). Suppose 
A= BUC, with B,C non-empty open sets in A and BNC = ©; suppose 
for instance x € B, ye C and x < y. Let z be the l.u.b. of the bounded 
set BN [x,y]; if z€B, then z < y and there is by assumption an interval 
[z,z-+h[ contained in [x,y] and in B, which contradicts the definition 
of z; if on the other hand zeC, then x < z, and there is similarly an 
interval ]z—f,z] CCN [x,y], which again contradicts the definition of z 
(see (2.3.4)); hence z cannot belong to B nor to C, which is absurd since 
the closed set [x,y] is contained in A. Hence A is connected. 
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(3.19.2) Jf A is a connected set in a metric space E, then any set B such 
that AC BCA is connected. 


For suppose X,Y are two non-empty open sets in B such that XU Y = B, 
XNY=9Q@; as A is dense in B, XNA and YNA are not empty, open 
in A, and we would have (XN A)U(YNA) =A, (KN A)N(YNA)=9, 
a contradiction. 


(3.19.3) Ina metric space E, let (Aj)ze, be a family of connected sets having 
a non-empty intersection; then A = (J A, ts connected. 
4eL 


Let a be a point of () A,, and suppose A = BUC, where B,C are non- 


AeL 
empty open sets in A such that BN C = ©. Suppose for instance a € 1B 
by assumption there is at least one 4 such that CNA, +4 @; then 
as BnA,+#~@, BMA, and CNA, are open in A, and such that 
(BN A,) U(CNA,) = Ay, (BN A,)N(CNA,) =D, a contradiction. 


(3.19.4) Let (Aj); 2; <, be a sequence of connected sets such that A;N on, S28 


wn 
for 1<t<n—1; then U A, ts connected. 
i 


This follows at once from (3.19.3) by induction on x. 


From (3.19.3) it follows that the union C(x) of all connected subsets 
of E containing a point x ¢E is connected, hence the largest connected 
set containing x; it is called the connected component of x in E. It is clear 
that for any yeC(x), we have C(y) = C(x), and if y@C(x), then 
C(x) A C(y) = G; moreover, it follows from (3.19.2) that C(x) is closed 
in E. For any subset A of E, the connected components of the points of 
the subspace A are called the connected components of A; if every connected 
component of A is reduced to a single point, A is said to be totally dis- 
connected. 

A discrete space is totally disconnected; the set of rational numbers and 
the set of irrational numbers are totally disconnected, by (2.2.16) and 
(Coles 


(3.19.5) In order that a metric space E be locally connected, a necessary 
and sufficient condition is that the connected components of the open sets 
in E be open. 
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The condition is sufficient, for if V is any open neighborhood of a point 
x €E, the connected component of x in the subspace V is a connected 
neighborhood of x contained in V, hence E is locally connected. The 
condition is necessary, for if E is locally connected and A is an open set 
in E, Ba connected component of A, then for any x € B, there is by assump- 
tion a connected neighborhood V of x contained in A, hence VC B by 
definition of B, and therefore B is a neighborhood of every one of its points, 


hence an open set. 


(3.19.6) Any non-empty open set A in the real line R ts the union of an 
at most denumerable family of open intervals, no two of which have common 


potnts. 


From (3.19.1) and (3.19.5) it follows that the connected components 
of A are intervals and open sets, hence open intervals. The intersection 
ANQ of A with the set Q of rational numbers is denumerable, and each 
component of A contains points of AN Q by (2.2.16); the mapping 7 — C(7) 
of AN Q into the set € of the connected components of A is thus surjective, 
and therefore, by (1.9.2), € is at most denumerable. 


(3.19.7) Let f be a continuous mapping of E into E'; for any connected 
subset A of E, f(A) is connected. 


Suppose /(A) = MUN, where M and N are non-empty subsets of /(A), 
open in /(A) and such that MNN=Q; then, by (3.11.4), An /-1(M) 
and ANf—!(N) would be non-empty sets, open in A and such that 
A= (An/— (M)) U (A m7-“N)) and (Aim/-{M)) a (Any WN) — recon 
trary to assumption. 


(3.19.8) (Bolzano’s theorem). Let E be a connected space, f a continuous 
mapping of E into the real line R. Suppose a,b are two points of f(E) such 
thata<b. Then, for any c such thata<c< b there exists y € E such that 
f(x) =. 


For /(E) is connected in R by (3.19.7), hence an interval by (3.19.1). 


(3.19.9) Let A be a subset of a metric space E. Jf B ts a connected subset 
of E such that both AN B and (E — A) OB are not empty, then (Fr(A))N B 
ts not empty. In particular, if E is connected, any subset A of E distinct 
from E and © has at least one frontier point. 
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F Suppose (Fr(A)) NM B = @; let A’ = E — A; as E is the union of A, 
A’ and Fr(A), B would be the union of U —AMNB and V =A’nB, both 
of which are open in B and not empty by assumption (for a point of ANB 
must belong to ANB since Fr(A)N B = @, and similarly for A’N B); 
as Un V = @, this would be contrary to the assumption that Bis connected. 


Remark. — If we agree to call ‘curve’ the image of an interval of R 
by a continuous mapping (see section 4.2, problem 5), (3.19.7) shows 
that a “curve” is connected, and (3.19.9) that a ‘‘curve” linking a point 
of A and a point of E — A meets Fr(A), which corresponds to the intuitive 
idea of “connectedness” (see problem 3 and section 5.1, problem 4). 


PROBLEMS 


1) Let E be a connected metric space, in which the distance is not bounded. Show 
that in E every sphere is non empty. 

2) a) Let E be a compact metric space such that in E, the closure of any open 
ball B(a;7) is the closed ball B’(a:7). Show that in E any open ball B(a; 7) is connected. 
(Suppose B(a;r) is the union CU D of two non empty sets which are open in B(a;7) 
and such that Cn D = @; if a@eC, consider a point *€D such that the distance 
d(a,x) is minimum (3.17.10).) 

b) Give an example of a totally disconnected metric space in which the closure 
of any open ball B(a@;7) is the closed ball B’(a; 7). 

c) In the plane R? with the distance d(x,y) = Max (la, — 1)|%2 — y2|), let E 
be the compact subspace consisting of the points (%,,%,) such that 4%, = 0 and 
0<*,<1lor0K 45 land x, = 0. Show that in E every ball is connected, but 
the closure of an open ball B(a;7) is not necessarily B’(a; 7). 

3) In the plane R?, let E be the subspace consisting of the points (x,y) such that 
either x is irrational and 0< y < J, or * is rational and -l<y< 0. 

a) Show that E is connected and not locally connected (use (3.19.1) and (3.19.6) 
to study the structure of a subset of E which is both open and closed). 

b) Let ¢ > (f(d),g(t)) be a continuous mapping of the interval [0,1] into E (f and ¢ 
being continuous). Show that fis constant. (If there exist points fy € [0,1] such that 
g(ty) < 90, consider the open subset Uc [0,1] consisting of all ¢ such that g(t) < 0, 
and use (3.19.6).) 

4) Ina metric space E, let A and B be two connected sets such that ANBZA®O; 
show that AUB is connected. 

5) Let A and B be two non empty subsets of a metric space E. Show that if A 
and B are closed, AUB and AN B connected, then A and B are connected. Show 
by an example in the real line that the assumption that both A and B are closed 
cannot be deleted. 

6) Let E bea connected metric space having at least two points. 

a) Let A bea connected subset of E, B a subset of CA, which is open and closed 
with respect to CA; show that AUB is connected (apply problem | of section 3.10 
to the two sets AU B and CA). 
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b) Let A be a connected subset of E, B a connected component of CA; show that 
CB is connected (apply a), using an indirect proof). 

c) Show that there are in E two non empty connected subsets M,N such that 
MUN=E, MNN = @ (use b)). 

7) In a denumerable metric space E, show that each point has a fundamental 
system of neighborhoods which are both open and closed. 

8) a) In a metric space E, the connected component of a point # is contained in 
every open and closed set containing ~%. 

b) In the plane R?, let A, be the set of pairs (1/m,y) such that —- l<may<l, 
B the set of pairs (0,y) such that 0< y<1, C the set of pairs (0,y) such that 
—1< y < 0; let E be the subspace of R?, union of B,C and the A, for m > 1. Show 
that E is a locally compact subspace of E, which is not locally connected; the 
connected components of E are B,C and the A, (w > 1), but the intersection of all 
open and closed sets containing a point of B is BUC. 

9) Let E be a locally compact metric space. 

a) Let C be a connected component of E which is compact. Show that C is the 
intersection of all open and closed neighborhoods of C. (Reduce the problem to the 
case in which E is compact, using (3.18.2). Suppose the intersection B of all open and 
closed neighborhoods of C is different from C; B is the union of two closed sets M2 C 
and N without common points. Consider in E two open sets U3 M and V2 N without 
common points (section 3.11, problem 3), and take the intersections of E — (MU N) 
with the complements of the open and closed neighborhoods of C.) 

b) Suppose E is connected, and let A be a relatively compact open subset of E. 
Show that every connected component of A has at least a cluster point in GA (if not, 
apply a) to such a component, and get a contradiction). 

c) Deduce from b) that for every compact subset K of E, the intersection of a 


connected component of K with book is not empty. 


20. Product of two metric spaces 


Let E,,E, be two metric spaces, d,,d, the distances on E, and E,. For 
any pair of points 4 — (7545) ) — 94,95) 1 = ee etet 


d(x,y) = Max (d,(%1,91),49(%9,¥9)). 


It is immediately verified that this function satisfies the axioms (I) to (IV) 
in 3.1, in other words, it is a distance on E; the metric space obtained by 
taking d@ as a distance on E is called the product of the two metric spaces 
E,,E,, The mapping (%1,%) > (%2,%,) of E, x E, onto E, x E, is an 
isometry. 

We observe that the two functions d’,d’’ defined by 


d'(X,y) = dy(%1,9) + do(%, Vo) 


a’"(x,y) = V(dy(%,91))® + (dgl%a,92))? 
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are also distances on E, as is easily verified, and are uniformly equivalent 
to d (see 3.14), for we have 


d(x,y) <a"'(x,y) <d'(x,y) < 2d(x,y). 


For all questions dealing with topological properties (or Cauchy se- 
quences and uniformly continuous functions) it is therefore equivalent 
to take on E any one of the distances 4,d’,d". When nothing is said to the 
contrary, we will consider on E the distance d. Open (resp. closed) balls 
for the distances d,d,,d, will be respectively written B,B,,B, (resp. Baie.) 
instead of the uniform notation B (resp. B’) used up to now. 


(3.20.1) For any point a= (a,,49) CE and any r > 0, we have aa 
B, (41:7) x Ba(a4q;7) and B’(a;7) = B,(a1;7) X Bo(aq; 7). 


This follows at once from the definition of d. 


(3.20.2) Jf A, 1s an open set in E,, Ay an open set in Ey, then Ay X Ag 
is open in E, X Eg. 


omila = (a, 4,)e 4, < 45, thefe exists 7 0 and 7,>0 such 
that B,(a,; 7) © Ay, Bo(a; 72) © As: take y = Min (7,,7,); then by (3.20.1), 
B(a;7r)C Ay X Ap. 


(3.20.3) For any paw i SES BMS (Opp eS oy ES Do SIN OF 
particular, in order that A, X Ag be closed in E, a necessary and sufficient 
condition is that A, be closed in E, and A, closed BPB Vile. 


Os eA, x A,, for any ¢ > 0 there is, by assumption, an x, € Ay 
and an x, € A, such that d,(a,,%) <é, A Coping) EP WNC TU os Car 
d(a,x) <e. On the other hand, if (a,,a,)¢A, X A, then either a, ¢ A, or 
a,¢A,; in the first case, the set (E, — A,) x E, is open in E by (3.20.2), 
contains a and has an empty intersection with A, X A,, hence a ¢ A, X Ag; 
the other case is treated similarly. 


(3.20.4) Let z > f(z) = (f,(2),fo(z)) be a mapping of a metric space F into 
eh xX Eas ie order that f be continuous at a point %, it 1s necessary 
and sufficient that both f, and f, be continuous at 2p. 


Lat ey = (zo), fo(2q)); then we have 
fey) fM(By(fy(20) 3) 9 fo 1 (Bo(/a(20) + 7)) 
by (3.20.1), and the result follows from (3.11.1) and (3.6.3). 
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(3.20.5) Let f= (/,,f,) be a mapping of a subspace A of a metric space F 
into E, x E,, and let acA; in order that f have a limit at the point 
a with respect to A, a necessary and sufficient condition 1s that both limits 


b= lim /(2), = lim f(z) exist, and then the imu of f[ 1s 
z—>a,zEA z—>a,zeA 
b = (01,04). 


This follows at once from (3.20.4) and the definition of a limit. 
In particular: 


(3.20.6) In order that a sequence of points z, = (%,,¥,) 1» E= E, X E, 
be convergent, a necessary and sufficient condition is that both limits 
@ — slime 0 — li ers! aie ees lites — ae 

Note that for cluster values of sequences, if (a,b) is a cluster value of 
((x,.¥,)), @ is a cluster value of (x,) and } acluster value of (y,), as follows 
from (3.20.6) and the definition of cluster values; but it may happen that 
((%,,V,)) has no cluster value, although both (x,) and (y,) have one: for 
Istamee «Iie Plane Kt stake 25). —— ll) nee me pete ===) eee ar 
However, if (x,) has a limit a, and 0 is a cluster value of (y,) then (@,0) is 
a cluster value of ((%,,¥,)), as follows from (3.20.6). 


(3.20.7) In order that a sequence of points z, = (x,,y,) in HE, x Ey be @ 
Cauchy sequence, a necessary and sufficient condition is that each of the 
sequences (x,),(y,) be a Cauchy sequence. 


This follows at once from the definition of the distance in E, x E, 
and the definition of a Cauchy sequence. 


(3.20.8) Let z -> f(z) = (f,(z),fa(2)) be a mapping of a metric space F into 
E, X E,; 1 order that f be uniformly continuous, it is necessary and sufficient 
that both f, and fj, be uniformly continuous. 


This follows immediately from the definitions. 


(3.20.9) If Eis a metric space, d the distance on E, the mapping d of E X E 
into Ris uniformly continuous. 


For |d(x,y) — d(x',y')| <d(x,x') + d(y,y') by the triangle inequality. 
(3.20.10) The projections pr, and pr. are uniformly continuous in E=E, x EF. 


Apply (3.20.8) to the identity mapping of E. 
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(3.20.11) For any a,EE, (resp. a,€E,), the mapping x, — (%4,49) 
(resp. %, — (a,,%2)) is an isometry of E, (resp. E,) on the closed subspace 
tas} (besp, (ay) 2) 0c) By x E,. 


This is an obvious consequence of the definition of the distance in 
ye oy aud ot (3.20°3), 


(3.20.12) For any open (resp. closed) set Ain E, X Ey, and any point a, € ee 
the set A(a,) = pr(AN ({a,} x E,)) is open (resp. closed) im Ey. 


By (3.20.11) it is enough to prove that the set AN ({a,} x E,) is open 
(resp. closed) in {a,} x E,, which follows from (3.10.1) and (3.10.5). 


(3.20.13) For any open set A in E, X Ey, pr,A (resp. prA) ts open A) 1B 
(resp. E,). 
Indeed, we can write ~r,A = (J A(x), and the result follows from 


x,ER, 


(3.20.12) and (3.5.2). 


Note that if A is closed in E, x Ey, pr,A needs not be closed in Ej. 
For instance, in the plane R2, the hyperbola of equation xy = 1 is a 
closed set, but its projections are both equal to the complement of {0} in R, 
which is not closed. 


(3.20.14) Let f be a mapping of E= E, x E, into a metric space F. If f 
is continuous at a point (a,,ay) (resp. uniformly continuous), then the mapping 
x1 — {(% 4) ts continuous at a, (resp. uniformly continuous). 


That mapping can be written +, > (%,,4) —» f(x,,a,), hence the result 
follows from (3.20.11), (3.11.5) and (3.11.9). 

The converse to (3.20.14) does not hold in general. A classical coun- 
terexample is the function / defined in Re yey ey 
(x,y) & (0,0) and /(0,0) = 0; fis not continuous at (0,0), for f(x,x) = 1/2 
ter x se 0. 


(3.20.15) Let E,,E,,F,,F, be four metric spaces, f, (resp. fg) a mapping of Ey 
into F, (resp. of E, into F,). In order that the mapping f: (%1,%) > (f(%y),fo(%2)) 
of E, x E, into F, x Fy, be continuous at a point (a,,a,) (resp. uniformly 
continuous), 1f 1s necessary and sufficient that f, be continuous at a, and ip 
at a, (resp. that both f, and fy be uniformly continuous). 


The mapping (%,,%) > /,(%,) can be written fopr,, hence the sufficiency 
of the conditions follow from (3.20.4), (3.20.8) and (3.20.10). On the other 
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hand, the mapping /, can be written x, > p7,(/(%,,42)) and the necessity 
of the conditions follows from (3.20.14) and (3.20.10). 


(3.20.16) Let E,,E, be two non empty metric spaces. In order that E= E, x De 
be a space of one of the following types: 


(i) discrete, 

(ii) bounded; 

(iii) separable; 

(iv) complete; 

(v) compact, 

(vi)  precompact; 

(vil) locally compact; 
(viii) connected; 

(ix) locally connected; 


— it is necessary and sufficient that both E, and E, be of the same type. 


The necessity part of the proofs follows a general pattern for properties 
(i) to (vii): from (3.20.11) it follows that E, and E, are isometric to closed 
subspaces of E, x E,; and then we remark that properties (i) to (vi) are 
“inherited” by closed subspaces (obvious for (i) and (ii), and proved for 
properties (iii) to (vii) in (3.10.9), (3.14.5), (3.17.3), (3.17.4), (3.18.4)). For 
property (viii), the necessity follows from (3.19.7) applied to the projections 
pr, and fr,; similarly, if E is locally connected, for any (a,,a,) ¢ E and 
any neighborhood V, of a, in E,, V, x E, is a neighborhood of (a,,a,), 
hence contains a connected neighborhood W of (a,,a,); but then #7,W is 
a connected neighborhood of a, contained in V,, by (3.19.7) and (3.20.13). 

The sufficrency of the condition for (i) and (11) is an obvious consequence 
of the definition of the distance in E, x E,. For (iii), if D,,D, are at most 
denumerable and dense in E,,E, respectively, then D, x D, is at most 
denumerable by (1.9.3), and is dense in E by (3.20.3). For (iv), if (z,) is 
a Cauchy sequence in E, then (7,z,) and (p72z,) are Cauchy sequences 
in E, and E, respectively by (3.20.7), hence they converge to a,,a, respec- 
tively, and therefore (z,) converges to (a,,a,) by (3.20.6). For (vi), if (A,) 
(resp. (B,)) is a finite covering of E, (resp. E,) by sets of diameter < e, 
then (A; x B,) is a finite covering of E, x E, by sets of diameter < ¢; 
and by (3.16.1), the sufficiency of the condition for (iv) and (vi) proves 
it also for (v). The proof for (v) yields a proof for (vii) if one remembers 
the definition of neighborhoods in E, x E,. For (viii), let (a,,45), (0,,bg) 
be any two points of E; by (3.20.11) and the assumption, the sets {a,} x E, 
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and E, x {b,} are connected and have a common point (4,,b,). Hence 
their union is connected by (3.19.3), and it contains both (a,,a) and (b,,0,); 
therefore, the connected component of (a),@,) in E is E itself. The same 
argument proves the sufficiency of the condition for (ix), remembering 
the definition of the neighborhoods in E. 


(3.20.17) In order that a subset A of E, X Eg be relatively compact, a 
necessary and sufficient condition is that pr,A and pr.A be relatively compact 
in E, and Ey respectively. 


The necessity follows from (3.17.9) applied to #7, and p7,; the sufficiency 
follows from (3.20.16), (3.20.3) and (3.17.4). 

All definitions and theorems discussed in this section are extended at 
once to a finite product of metric spaces. 


PROBLEMS 


1) Let E,F be two metric spaces, A a subset of E, B a subset of F; show that 
Fr(A x B) = (Fr(A) x B)u(A x Fr(B)). 

2) Let E,F be two connected metric spaces, A ~ Ea subset of E, B Fa subset 
of F: show that in E x F the complement of A x B is connected. 

3) a) Let E,F be two metric spaces, A (resp. B) a compact subset of E (resp. F). 
If W is any neighborhood of A X Bin E x F, show that there exists a neighborhood U 
of A in E and a neighborhood V of B in F such that U X Vc W (consider first the 
case in which B is reduced to one point). 

b) Let E be a compact metric space, F a metric space, A a closed subset of E x F. 
Show that the projection of A into F is a closed set (use a) to prove the complement 
of pr,A is open). 

c) Conversely, let E be a metric space such that for every metric space F and 
every closed subset A of E x F, the projection of A into F is closed in F. Show that 
E is compact. (If not, there would exist in E a sequence (x,) without a cluster value. 
Take for F the subspace of R consisting of 0 and of the points 1/# (m integer > 1) 
and consider in E x F the set of the points (¥,,1/1)). 

4) Let E be a compact metric space, F a metric space, A a closed subset of 
E x F, B the (closed) projection of A into F. Let y,¢B and let C be the section 
AW (y) = {% € E|(%,¥9) € A}. Show that for any neighborhood V of C in E, there is 
a neighborhood W of yg in F such that the relation ye W implies A7l(y) CV 
(‘continuity of the ‘‘roots’’ of an equation depending on a parameter”). (Use prob- 
lem 3 a).} 

5) a) Let f be a mapping of a metric space E into a metric space F, and let G be 
the graph of fin E x F. Show that if / is continuous, G is closed in E x F, and the 
restriction of pv, to G is a homeomorphism of G onto E. 

b) Conversely, if F is compact and G is closed in E x F, then f is continuous 
(use problem 3 b)). 
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c) Let F be a metric space such that for any metric space E, any mapping of E 
into F whose graph is closed in E x F is continuous. Show that F is compact (use the 
construction of problem 3 c)). 

6) Let E,F,G be three metric spaces, A a subset of E x F, Ba subset of F xX G, 
C = BoA = {(x,2) €E x G|dye¢F such that (¥,y)¢A and (y,z) € B}. Suppose 
both A and B are closed and the projection of A into F is relatively compact; show 
that C is closed in E x G (use problem 3 b)). 

7) Let (E,) (27> 1) be an infinite sequence of non empty metric spaces, and 
suppose that for each n, the distance d, on Ey is such that the diameter of E, is < 1 
(see section 3.14, problem 2 b)). Let E be the set of all sequences 7 = (x,) with 7,€E, 


for each n (“infinite product’’ of the sequence (E,); one writes E = IT Verda 
n=1 


co 

a) Show that on E the function d((%,),(¥n)) = 2 dy(¥nVn)[2" is a distance. 

si 

b) For any + = (%,) € E, any integer m > 1 and any number 7 > 0, let Vin(xi7) 
be the set of all y = (y,) € E such that d,(xp,y,) < 7 for A << m. Show that the sets 
V.n(¥3”) (for all m and 7) form a fundamental system of neighborhoods of x in E. 

c) Let (x) be a sequence of points x(m) — Cee of E; in order that (x!) 
converge to @ = (a,) in E (resp. be a Cauchy sequence in E), it is necessary and 
sufficient that for each » the sequence Co converge to a, in E, (resp. be a 
Cauchy sequence in E,). In order that E be a complete space, it is necessary and 
sufficient that each E, be complete. 


co @) 
d) For each x, let A, be a subset of E,; show that the closure in E of A= II A, 
=1 
Es n 
is equal to IT Ag. 
n=1 


e) In order that E be precompact (resp. compact), it is necessary and sufficient 
that each E, be precompact (resp. compact). 

f) In order that E be locally compact, it is necessary and sufficient that each E, 
be locally compact, and that all E,, with the exception of a finite number at most, 
be compact. 

g) In order that E be connected, it is necessary and sufficient that each E, be 
connected. 

h) In order that E be locally connected, it is necessary and sufficient that each 
E,, be connected and that all E,, with the exception of a finite number at most, be 
connected. 


Chapter IV 


Additional Properties of the Real Line 


Many of the properties of the real line have been mentioned in 
Chapter III, in connection with the various topological notions developed 
in that Chapter. The properties gathered under Chapter IV, most of which 
are elementary and classical, have no such direct connection, and are really 
those which give to the real line its unique status among more general 
spaces. The introduction of the logarithm and exponential functions has 
been made in a slightly unorthodox way, starting with the logarithm 
instead of the exponential; this has the technical advantage of making it 
unnecessary to define first a!" (m,n integers > 0) as a separate stepping 
stone toward the definition of a” for any ~*. 

The Tietze-Urysohn theorem (4.5) now occupies a very central position 
both in Functional Analysis and in Algebraic Topology. It can be con- 
sidered as the first step in the study of the general problem of extending 
a continuous mapping of a closed subset A of a space E into a space 3, 
to a continuous mapping of the whole space E into F, the reader may 
see in the forthcoming book of N. Steenrod [22] how this general problem 
naturally leads to the most important and most actively studied problems 
of modern Algebraic Topology. 


1. Continuity of algebraic operations 


(4.1.1) The mapping (x,y) +x + of RxR into R is uniformly 
continuous. 


This follows at once from the inequality 
ix’ + yy’) — + NS |e’ — 21 + | — 9 


and the definitions. 
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(4.1.2) The mapping (x,y) > xy of R x R into R ts continuous, for any 
ae€R, the mapping x — ax of R into Ris untformly continuous. 


Continuity of xy at a point (%o,¥9) follows from the identity 
XY — XyVq = Xo(¥ — Vo) + (¥ — Xo) Vo + (*% — Xo) (Y — Vo)- 


Given any ¢ > 0, take 6 such that 0< 6 <1 and 6(|%9| + |¥o| + 1) < «; 
then the relations |x — x9| < 6, |y — yo| < dimply |xy — xp¥o| < e. Uniform 
continuity of x — ax is immediate, since jax’ — ax| = |al- |x’ — x]. 


(4.1.3) Any continuous mapping f of R into itself such that f(x + y) = 
f(x) + fly) ts of type x > cx, with cE R. 


Indeed, for each integer »>0, we have, by induction on 2, 
f(nx) = nf(x); on the other hand /(0 + x) = /(0) + f(x), hence /(0) = 0, 
and f(x + (— )) =f) + K—%) = #0) =0, hence f(— x) = — f(x). 
From that it follows that for any integer 1 > 0, f(x/n) = f(x)/n, hence for 
any pair of integers #,g such that g > 0, f/(px/q) = pf(x)/¢; in other words, 
f(rx) = rf(x) for any rational number 7. But any real number ¢ is limit 
of a sequence (7,,) of rational numbers (by (2.2.16) and (3.13.13)), hence, from 
the “assumption om 97 and (4.1.2), /(@x) == /(ier 73) — ln 


n—->® n—> © 


lim a — 7s) him 7 (4) Bet theme — (1) andiyeobtaime ¢7) 


n—-»> © n—> © 


for every xER. 
(4.1.4) The mapping x —1/x is continuous at every point x 70 in R. 


Por given any ~> 0, take 6 0 such that j= Mim (2a Qe ae. 
then the relation |x — x9| < 6 first implies |x| > |x| — 6 > |x9|/2, and then 
[Uje 1] Xo) = |x — 2 |x| S Six — Zi og? ee. 

(4.1.5) Any rational function (%,,...,%,) — P(x,...,%,)/O(%,...,x,) where 
P and Q are polynomials with real coefficients, is continuous at each point 
(Gin @,) 67 RO where O(a a eee Op 


The continuity of a monomial in R” is proved from (4.1.2) by induction 
on its degree, then the continuity of P and Q is proved from (4.1.1) by 
induction on their numbers of terms; the final result follows from (4.1.4). 


(4.1.6) The mappings (x,y) — sup (x,y) and (x,y) > inf (x,y) are uniformly 
continuous in R xX R. 


1, CONTINUITY OF ALGEBRAIC OPERATIONS 77 


)/2, the 


As sup(x,y) =(a-+ y+ |x—y))/2 and inf(x,y) =(*+y—|x—y» 
result follows from (4.1.1) and (3.20.9). 


(4.1.7) All open intervals in R are homeomorphic to R. 


From (4.1.1) and (4.1.2) it follows that any linear function « + ax + 0, 
with a 4 0, is a homeomorphism of R onto itself, for the inverse mapping 
x -»a-1x — a-!b has the same form. Any two bounded open intervals 
ja,8[, ly,6[ are images of one another by a mapping ¥ > ax + b, hence 
are homeomorphic. Consider now the mapping * > x/(1 + |x|) of R onto 
]— 1, + 1]; the inverse mapping is x — x/(1 — |x|) and both are contin- 
uous, since x > |x| is. This proves R is homeomorphic to any bounded 
open interval; finally, under the preceding homeomorphism of R onto 
jJ— 1, +1{, any unbounded open interval Ja, + oo[ or J— ~,a[ of R 
is mapped onto a bounded open interval contained in |— 1, + 1{, hence 
these intervals are also homeomorphic to R. 


(4.1.8) With respect to R x R, the function (x,y) +x + y has a limit at 
every point (a,b) of R x R, except at the points (— 00, + co) and (+ 00, — ov); 
that limit is equal to -+- co (resp. — 00) if one at least of the coordinates a,b 
is + oo (resp. — 09). 


Let us prove for instance that if a — ~, *+y has a limit equal 
to + coat the point (a, +0). Given c ER, the relations x > 6, y > ¢ — 
imply «+ y>c, and the intervals B= col and |e 9b) == col Pate 
respectively neighborhoods of a and + oo if } is taken finite and < a; 
hence our assertion. The other cases are treated similarly. 


(4.1.9) With respect to R x R, the function (x,y) > xy has a limit at every 
point (a,b) of R xR, except at the points (0, +0), (0, -—~), (+™, OL, 
(— co, 0); that limit 1s equal to +o (resp. — co) if one at least of the 
coordinates a,b is infinite, and if they have the same sign (resp. opposite signs). 


Let us show for instance that if a > 0, xy has the limit -+- oo at the 
point (a,c). Given ceR, the relations x > b, y>c/b, for )>0, 
imply xy > ¢, and the intervals ]b, + co] and Je/b, + 0] are neighborhoods 
of a and + oo, if b is taken finite and < a. Similar proofs for the other 
cases. 

We omit the proofs of the following two properties: 


CAA) Whew Wee) Minn lees ioe ling Le = co. 


4% >+0 x—>0,%>0 x—>0,*%*< 0 
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(4.1.11) The mappings (x,y) > sup (x,y) and (x,y) — inf (x,y) are contin- 
uous in R XR. 


2. Monotone functions 


Let E be a non-empty subset of the extended real line R. A mapping 
/ of E into R is called increasing (resp. strictly increasing, decreasing, strictly 
decreasing) if the relation x < y (in E) implies f(x) < f(y) (resp. /(x) < f(y), 
f(x) > fy), fx) > f(y); a function which is either increasing or decreasing 
(resp. either strictly increasing or strictly decreasing) is called monotone 
(resp. strictly monotone); a strictly monotone mapping is injective. If f 
is increasing (resp. strictly increasing), — / is decreasing (resp. strictly 
decreasing). If /,g are increasing, and / + g is defined, / + g is increasing; 
if in addition / and g are both finite and one of them is strictly increasing, 
then / + g is strictly increasing. 


(4.2.1) Let E be a non-empty subset of R, and a = sup E; for any monotone 
mapping f of E into R, lim f(x) exists and is equal to sup f(x) if f is 


x—a,xEE xeE 


increasing, to inf f(x) if f ts decreasing. 
BENS, 


Suppose for instance / is increasing, and let c = sup f(x). Ifc = —oo 
cis 


fis constant (equal to — oo) in E and the result is trivial; if c > — oo, for 
any b<c, there is x EE such that b < f(x) <c; hence, for ye E and 
x <yv<a, we have by assumption 6 < f(x) < f(y) <c, whence our 
conclusion. 


? 


(4.2.2) Let I be an interval in R; any continuous injective mapping f of I 
into R is strictly monotone; any continuous strictly monotone mapping f of 1 
into R ts a homeomorphism of I onto an interval f(I). 


a) Suppose / continuous and injective; let a,b be two points of I such 
that a <b, and suppose for instance f(a) < f(b). Then, for a<c<b, 
we must have f(a) < f(c) < f(b); for our assumptions imply /(c) < f(b) 
and /(c) ~ f(a), and if we had for instance f(c) > /(b), there would then be 
an x such that a < x« <c and f(x) = f(b) by Bolzano’s theorem (3.19.8), 
contrary to our assumption. Similarly one sees that /(c) < /(a) is impossible. 
If now 6 <c, we must have /(b) < f(c), for the preceding argument shows 
/(6) must be in the interval of extremities f(a) and /(c). Similarly if c < a, 
f(c) < f(a). Finally, if x,y are any two points of I such that x < y, we 


2. MONOTONE FUNCTIONS 79 


have /(x) < f(y), by repeating the preceding argument on a,x,y instead 
of a,b,c. 

b) If f is continuous and strictly monotone, it is a bijection of I onto 
/(1), and /(I), being connected, must be an interval ((3.19.1) and (3.19.7)). 
For any x eI, the image by / of any interval containing x and contained 
in I is then an interval containing f(x) and contained in /(I); this proves 
the image by f/ of any neighborhood of x in I is a neighborhood of /(*) 
in /(I), hence / is a homeomorphism (see (3.11.1)). 


PROBLEMS 


1) Let / be a mapping of R into R such that /(¥ + ¥) = f(*) + f(y). 

Show that if, in an interval ]a,b[, f is majorized, then f is also minorized in Ja,b[ 
(if c is a fixed point in the interval }a,b[, consider pairs of points ,y in that interval 
such that + << ¢ < y and (y —c)/(c — *) is rational). Under the same assumption, 
f is bounded in any compact interval, and continuous in R, hence of the form f(7) = cx 
(same method). 


(It can be proved, using the axiom of choice, that there exist solutions of 
f(« + v) = f(*) + f(y) which are unbounded in every interval.) 


2) Let b be an integer > 1. 


a) Show that for any infinite sequence (c,) of integers such that 0 < ¢y, <b-—1, 


ioe) 
the series 2 c,/b% converges to a number xe [0,1]. Conversely, for any +€ {0,1} 
n=0 
aD 


there exists a sequence (c,) such that 0 << c, <b — 1 for every m and + = eC Obes 
n=0 


that sequence is unique if # has not the form /b” (k and m natural integers); otherwise, 
there are exactly two sequences (c,) having the required properties. (Use the fact 
that for any integer m > 0, and any +e [0,1], there is a unique integer & such that 
k]b™ <= x < (A + 1)/d). 

b) Using the case b = 2 of a), and problem 5 of section 1.9, show that (0,1) 
(hence R itself, see (4.1.7)) is equipotent to the set B(N). 


oO 
c) Let K be the subset of [0,1] consisting of all numbers of the form 2 c,/3", 
n=0 
with c, = 0 orc, = 2 (‘‘triadic Cantor set’’). Show that K is compact; its complement 
in [0,1] is a denumerable union of open non overlapping intervals (3.19.6); describe 
these intervals, and show that the (infinite) sum of their lengths is 1. 


a ioe) 
d) For each x € K, with ¥ = Zz cy/3%, let f(*) be the real number 2 b,/2”, where 
=0 n=0 
fe aD 
by, = ¢,/2 (when # can be written in two different ways as 2 c,/3", show that the 
n=0 


a 
two corresponding numbers £ 5,/2” are equal). Prove that f is a bijective continuous 
n=0 
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mapping of K onto the interval [0,1] of R, and therefore that K and R are equipotent. 
Furthermore it is possible to extend f to a continuous mapping of I = [0,1] onto 
itself, which is constant in each of the connected components (3.19.6) of I — K. 

3) a) Let E be a metric space satisfying the following condition: for each finite 
sequence s = (€;)) <;<» Whose terms are equal to Oor I, there is anon empty subset A; 
such that: 

(i) E is the union of the two subsets Ajo), Aq), and for each finite sequence s of ” 
terms, if s’,s’’ are the two sequences of x 4+ 1 terms whose first n terms are those of s, 
As = Ag U Ag”; 

(ii) for each infinite sequence (€,),> 1 Whose terms are equal to 0 or 1, if 
Sy = (€)1<icn, the diameter of As, tends to 0 when x tends to + oo, and the 


intersection of the Ag | is not empty. 


Under these conditions, show that there exists a continuous mapping of the triadic 
Cantor set K (problem 2) owfo E, and in particular E is compact. 

b) Conversely, let E be an arbitrary compact metric space. Show that there 
exists a continuous mapping of K onto E. (Apply the method of a), and the defini- 
tion of precompact spaces (3.16); observe that properties (i) and (11) do not imply 
that the two sets A, and A,” need be different from A, for all sequences s.) 

c) If in addition E is totally disconnected, and has no isolated points (section 3.9, 
problem 2), then E is homeomorphic to K. (First prove that for every e > 0 there is 
a covering of E by a finite number of sets A; which are both open and closed and 
have a diameter < ¢; to that purpose use problem 9 a) of section 3.19. Then apply 
the method of a).) 

4) a) Let E (resp. F) be the set of even (resp. odd) natural integers; if, to each 
subset X of N, one associates the pair (X n E,X N F), show that one defines a bijection 
of SB(N) onto P(E) x BF). 

b) Deduce from a) and from problem 2 b) that R” and R are equipotent for all 
n > 1 (but see section 5.1, problem 6). 

5) Let I be the interval [0,1] in R. Show that there exists a continuous mapping 
} of I onto the ‘“‘square’”’ I x I (a ‘‘Peano curve’). (First show that there is a contin- 
uous mapping of the Cantor set K ontoI x I (problem 3), and then extend the mapping 
by linearity to the connected components of the complement of K in I.) 

6) Let g be a mapping of the interval ]0,1] into the interval [— 1,1], and suppose 


that lim g(x) = 0. Show that there exist a continuous decreasing mapping g, 
x—>0,x« >0 


and a continuous increasing mapping g, of [0,1] into [—1,1], such that 
g,(0) = g.(0) = 0, and g,(*) < g(*) << go(¥) for 0<»*< 1. (For each integer n, 
consider the g.l.b. x, of the set of points * such that g(x) > 1/n.) 


3. Logarithms and exponentials 


(4.3.1) For any number a > 1, there is a unique increasing mapping f of 
Ri = ]0, + co[ into R such that f(xy) = fx) + fy) and f(a) = 1; moreover, 
f is a homeomorphism of R* onto R. 


We first prove a lemma: 


3. LOGARITHMS AND EXPONENTIALS 8l 


(4.3.1.1) For any x > 0, there is an integer m (positive or negative) such 
that a =x =a. 


Suppose first x > 1. The sequence (a”) is strictly increasing. If we had 
a" <x for all integers » > 0, then b= lim a” = supa” would be finite, 


n—> 0 n 


> land <x; but we can write 6 = lim a"*? =a: lim a” by (4.1.2), 


n—-> n—> © 

hence b — ab, which contradicts the assumption a > 1. Therefore there is 
an integer # such that x < a”; take m + las the smallest of these integers. 
If on the contrary 0 < x <1, then x-!> 1, andif a™< cea ae 
ever sn  g E 

Suppose there exists a function / having the properties listed in (4.3.1); 
then / is a homomorphism of the multiplicative group R* into the additive 
group R, and therefore we must have /(1) = 0, i =a (x) lor any) 
and any integer 2 (positive or negative), and in particular f(a") =n. 
Moreover, if a” < x" <a™*', we must have f(a”) < f(x") < fee), thn 
other words m < n° f(x) <m +1, hence m/n < f(*) anol (fe) —= m|n| < 1m. 
This shows that if we denote by A, the set of rational numbers m/n (m pos- 
itive or negative, » > 1) such that a” <x", (note that Ge, wand 
a™? <x", where q is an integer > 0, are equivalent relations), we must 
have f(x) = sup A,, which shows / is unique. 

To prove the existence of /, it remains to prove that the mapping /: 
x —sup A, verifies all our conditions. Let + and y be any two elements 


of R*; for any integer » 21, let m,m' be Sion Wie dee 
aida << a” *). from these relations it follows that 
; m m 1 

Dee eg a, hence we ave Wee (0 are 
m' m+ m+ m' m+m +2 

ee ; Ke < ——— ——, d als 
, = /\y) = 7 Fs < f(xy) i and also 

‘+2 
Z as Zz i) au ~~ als We conclude that 


May) — Hx) — Hy)| < 2/0, 


and as # is arbitrary, f(xy) = f(x) + /()). 


From (4.3.1.1) it follows that for any z> Ij theres an ileger 
n 1 such that a < 2", hence f(z) >1/n > 0; from which it follows 
that f is strictly increasing, since if x < 9, then y = 2x with z>1 and 
fy) = Hx) + Hz) > f(x). On the other hand, we have the following lemma: 
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(4.3.1.2) For any integer n 21, there is a z> 1 such that 2" <a. 


Remark that there is an x such that 1< «<a, hence a= *y with 
ve boil 2 — Min (2,9), we Nave zy — 2 and zy By induction 
define z, > 1 such that Ze acme ence 2” <a, and a fortiori 2; <a. 

The lemma shows that 0 < f(z) < 1/n. For any x€ R*, take 6 such that 


Fe 8) 
S 


<zand*—" > 2: then |fly) — i(x)| < f(z) < 1m tor |y — x| <4 


which proves f is continuous. By (4.2. 2), f is thus a homeomorphism of Rt 
onto an interval I of R; but that interval is necessarily R itself, since 
/(a”) = n is an arbitrary integer. 


(4.3.2) For any number a> 0 and #1, there exists one and only one 
continuous mapping f of R* into R such that f(xy) = f(x) + fly) and f(a) = 


Let b> 1; from (4.3.1) we have a homeomorphism f of R* onto R 
such that fy(xv) = fo(x) + foly) and fo(6)= 1; let &% be the inverse 
homeomorphism, such that go(* + y) = go(*)go(v) and oa) 0 re 
verifies the conditions of (4.3.2), then 4 = fog, is a continuous mapping of R 
into itself, such that A(x + y) = A(x) + A(y); by (4.1.3), we have h(x) = cx, 
and therefore {(x) = ¢fy(x), and there is only one value of ¢ for which 
f(a) = 1, namely ¢ = 1/fo(a) (as a 4 1, we have f(a) #0 = Foe 


The mapping characterized in (4.3.2) is called the logarithm of base a, 
and f(x) is written log,x. From the proof of (4.3.2) it follows at once that 
if a,b are > 0 and #1, log,x and log,x are proportional, and making 
x =a yields 


(4.3.3) log,x = log,a - log,*. 


From (4.3.1) and (4.2.1) it follows that if @>1, lim log,x = — o, 
x—>0 

lim log.x = + oo; ifa<1, lim logx=-—> co, lim logix — — co: 
xa + wm x—>O x—>+0 


For any a> 0 and #1, the inverse mapping of x — log,x is called the 
exponential of base a and written x — a* (which is a coherent notation, 
since log,(a”) = , and therefore for integral values of x, the new notation 
has the same meaning as the algebraic one). In addition, we define 1* to 
be 1 for all real numbers x. Then, for a > 0, x,y arbitrary real numbers, 
we have by definition a*t” = a*a’, a~* = 1/a*, a® = 1. Replacing x by &* 
in (4.3.3) yields 
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(4.3.4) log,(b*) = x log,b (Oe 0e% teal) 
and replacing } by a” in that formula gives 


(4.3.5) (as? =a" (x,y real, a> 0). 


For a>1, x — a’ is strictly increasing and such that lim a*=0, 


Se = ee) 


lim a* = + oo; fora <1, x — a” is strictly decreasing, and such that 


x—>+ 0 


ieee too. lim se” ==-(), 


x—>— 2 X—>-+ 0 


(4.3.6) The mapping (x,y) > x” is continuous in R* x R, and tends to a 
limit at each point of R x R in the closure of Ra x R and distinct from 
(0,0), (+ Ox, 0), (1, 4 oo), ly aaa oo), 


From (4.3.4), we have x” = a’*'8a* (a fixed number > 1), hence the 
result by (4.1.2) and (4.1.9). 


(4.3.7) Any continuous mapping g of R* into itself such that g(xy) = g(x)g(y) 


has the form x — x*, with a real. 


Indeed, if 6 >1, f(x) = log,g(b*) is such that f(x + y) = f(x) + f(y), 
for real x,y, and is continuous, hence f(x) =c-x by (4.1.3), therefore 
Rico (07) which proves the result, 

As log,(x*) = a: log,x, we see that if a > 0, x — x* is strictly increas- 
ing, and strictly decreasing if a< 0; moreover if a>0, lim x«”*=0, 

x0 
ine seco hea <0 lim x == co, lim 4 = O02) bor 4-0) 
xa +m x—0 x—> + 0 


x > x* is therefore a homeomorphism of R} onto itself, by (4.2.2); the 


inverse homeomorphism is x > x"*. 


PROBLEM 


Let { be a mapping of R into itself such that /(¥ + y) = f(¥) + f(y) and 
flay) = f(x)f(y). Show that either /(x) = 0 for every xe R, or f(¥) = » for every 
x eR. (If f(1) 4 0, then f(1) = 1; in the second case, show that /(¥) = * for rational 
x, and using the fact that every real number z > 0 is a square, show that / is strictly 


increasing.) 
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4. Complex numbers 
We define two mappings of the set R® x R? into R® by 


(eB) ee ae Pa) 
(x,y), (9) > (0x! — yy’ xy" + yx’). 


They are called respectively addition and multiplication, and written 
(z,2") »z-+ 2’ and (z,2’) +22’. For these two mappings, axioms (2.1,(I)) of a 


; mes : = he == “d ee 
field are satisfied, by taking 0 = (0,0), 1 = (1,0), and z~* = le ay? ese 


if z = (x,y) & 0 (which, by (2.2.8) and (2.2.13), implies x? + y? # 0). ate 
field thus defined is written © and called the field of complex numbers, 
its elements being called complex numbers. The mapping « — (1,0) of R 
into © is injective and preserves addition and multiplication, hence we 
identify R with the subfield of € consisting of the elements Gay Ns 
element i = (0,1) is such that 7? = (— 1,0) = — 1, and we can write 
(x,y) = x + iy for any (x,y) EC; ifz = x + ty, x,y being real, x is written 
Rz and called the real part of z, y is written .%z and called the imaginary 
Part Ol 2. 


(4.4.1) Any rational function (2,...,2,) > P(4,---%,)/Q(ep-- ee ere 


P and Q are polynomials with complex coefficients, is continuous at each point 
(a,,..-,@,) of C” such that Q(a,,...,4,) #9. 


This is proved as (4.1.5) by using the analogues of (4.1.1), (4.1.2) and 


(4.1.4), which follow at once from the formulas given above for sum, product 
and inverse of complex numbers, and from (3.20.4) and (4.1.5). 


For any complex number z = x + 7y, the number Z = x — ty is called 


the conjugate of z. We have zH2zz2+2 = F427, Ape z’, in other 
words z > Z is an automorphism of the field €, which is bicontinuous by 
(3.20.4) and (4.1.2); real numbers are characterized by z = z, numbers 
of the form tx (x real, also called purely imaginary numbers) by 7 = — z. 
We have 22 — «7442 20 if 2 — vey the pccilives tealemumes 
\z| = (z2)"” is called the absolute value of z, and coincides with the absolute 
value defined in (2.2) when z is real. The relation |z| = 0 is equivalent 


tO — Uh We hayeslza, 


2 ga! ee! = 2iz'f = Izi2iz12) ence (zz | aizinale4 |, 
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from which it follows that if z 4 0, |1/z| = 1/|z|. Finally, by direct computa- 
tion, we check the triangle inequality 


lz + 2’ 


< lel +k 


which shows that |z — z’] = d(z,z’) is a distance defined on C= R x R, 
which is uniformly equivalent to the distance considered in (3.20). The 
balls for that distance are called discs. Any complex number z 4 0 can 
be written in one and only one way as a product 7¢, with y > 0 and |¢| = 1, 
namely by taking rv = |z| and € = 2/|z]. 


PROBLEM 


Let f be a continuous mapping of C into itself such that f(z + 2) = f(z) + f(z) 
and f(z2’) = f(z)f(z’). Show that either f(z) = 0 for every ze€C, or f is one of the 
mappings z—>z, 2 —2Z (use (4.1.3)). 


5. The Tietze-Urysohn extension theorem 


(4.5.1) (Tietze-Urysohn extension theorem). Let E be a metric space, 
A a closed subset of E, f a continuous bounded mapping of A into R. Then 
there exists a continuous mapping g of E into R which coincides with fin A 
aya is such thal sup p(x) — sup f(y), mf g(x) = inf f(y). 


xEE yeA xéE yeA 
We can suppose that inf f(y) = 1, sup f(y) = 2 by replacing even- 
yeaA vEeA 


tually / by a mapping y > af(y) + 8, a A 0 (the case in which / is constant 
is trivial). Define g(x) as equal to /(x) for x € A, and given by the formula 
g(x) = (inf (/(y)d(x,y)))/d(x,A) 
yeA 
for x €E — A. From the inequalities 1 < /(v) <2 for ye A and the defini- 
HOmeGieace Aeeit tollows that [=< g(x) = 2 for <2) Ane Weeneed 
therefore only prove the continuity of g at every point xeE. If x EAL 
the continuity follows from the assumption on /. In the open set E — A, 
we can write g(x) = h(x)/d(x,A) with h(x) = inf (/(y)d(x,y)), and as d(x,A) 
yeA 
is continuous and + 0 (by (3.8.9) and (3.11.8)), all we have to prove then 
(by (4.1.2) and (4.1.4)) is that / is continuous at every xe E — A. Let 
(ed (oA eOned( 1.4) = 6-07, we Nave d(x,y) =. d(x 9), hence 
h(x) < h(x’) + 2e (since f(y) < 2), and similarly h(x’) < A(x) + 2e, which 
proves the continuity of #. Finally, let us suppose x is a frontier point of A; 
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given ¢ > 0, let y > 0 be such that for ye AN B(x;7), Ifly) — f(a) | Se 
le C2{ANBGy, D—=A— Cw: =e A and d(x}. sa) We 
have, for each y ED, d(x’,y) > d(x,y) — d(x,x') > 37/4, hence 


inf (f(y)a(x',y)) 2 37/4; 

yvyeD 
on the other hand, f(x)d(x',x) < 2d(x’,x) < 7/2, and therefore 
inf (/(y)d(x',y)) = int (f(y)d(x',y)). But, as f(x) — e < Hy) Sfx) +e for 
yeA yer 


yeC, and inf d(x’,y) = d(x’,A), we have 


yet 


(f(%) — e)d(x',A) < ink (f(y)d(x’,9)) < (Ma) + €)a(*A) 
yeA 
which proves that |g(x’) — /(x)| <« for x’ e E — A and d(x,x’) <7/4; on 
the other hand, if x’ € A and d(x,x’) <1/4, |g(x’) — f(x)| = |4(%’) — HO Se 
and this ends the proof. 


(4.5.2) Let A,B be two non-empty closed sets in a metric space E, such that 
ANB=—@. Then there is a continuous function f defined in E, with values 
in [0,1], such that f(x) =1 in A and f(x) = 0 im 3. 


Apply (4.5.1) to the mapping of AU B in R, equal to 0 in B and to 1 
in A, which is continuous in A U B. 


PROBLEMS , 


1) Ina metric space E, let (F,) be a sequence of closed sets, A the union of the F,,; 
if x ¢ A, show that there exists a bounded continuous function f > 0 defined in E, 
such that f(x) = 0 and f(y) > 0 for each yEA (use (4.5.2) and (7.2.1)). 

2) a) Let E bea metric space such that every bounded set in E is relatively compact; 
show that E is locally compact and separable (use (3.16.2)). 

b) Conversely, let E be a locally compact, non compact separable metric space, 
d the distance on E; let (U,) be a sequence of relatively compact open subsets of E 
such that U,,¢ U,,,1 and E is the union of the sequence (U,) (3.18.3). Show that 
there exists a continuous real-valued function f in E such that f(v¥) << for x€ hs 
and f(x) > n for xe E — U,, (use (4.5.2)); the distance d’'(x,y) = d(x,y) + |f(x) — f(y)| 
is then topologically equivalent to d, and for d’, any bounded set is relatively compact. 


Chapter V 
Normed Spaces 


The language described in Chapter III corresponded to that part of 
our geometric intuition covering the notions which intuitively remain 
unaltered by “deformations”; here we get much closer to classical geometry, 
as lines, planes, etc. are studied from the topological point of view (we 
recall that the purely algebraic aspects of these notions constitute Linear 
Algebra, with which we assume the reader is familiar). It is in this context 
that the notion of series gets its natural definition; we have particularly 
emphasized the fact that for the most important type of convergent 
series (5.3), the usual rules of commutativity and associativity of finite 
sums are still valid, which naturally leads to the conclusion that in that 
case, the ordering of the terms is completely irrelevant. This, for instance, 
enables one to formulate in a reasonable way the theorem on the product 
of two such series of real numbers (see (5.5.3)), in contrast to the 
nonsensical so-called “Cauchy multiplication” still taught in some 
textbooks, and which has no meaning for series other than power series 
of one variable. 


The fundamental results of this Chapter are the continuity criterion 
(5.5.1), and F. Riesz’s theorem characterizing finite dimensional spaces 
(5.9.4), which is the key to the elementary spectral theory developed in 
Chapter XI. 


Of course, this Chapter is only an introduction to the general theory 
of Banach spaces and linear topological spaces, which is developed for 
instance in Taylor [23] and Bourbaki [6]; the main questions which we 
have not touched upon are the theorems linked to the notion of ‘“‘Baire 
category’, and the theory of duality, both of which are fundamental for 
the proof of the deeper results in Functional Analysis. 
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1. Normed spaces and Banach spaces 


In this and the following chapters, when we speak of a vector space, 
we always mean a vector space (of finite or infinite dimension) over the 
field of real numbers or over the field of complex numbers (such a space 
being respectively called veal and complex vector space); when the field 
of scalars is not specified, it is understood that the definitions and results 
are valid in both cases.* When several vector spaces intervene in the same 
statement, it is understood (unless the contrary is specified) that they 
have the same field of scalars. A complex vector space E can also be con- 
sidered as a real vector space by restricting the scalars to R; when it is 
necessary to make the distinction, we say that this real vector space Eg is 
underlying the complex vector space E; if E has finite dimension 7 over 
C, E, has dimension 2” over R. 

A norm in a vector space E is a mapping (usually written x — ||x//, with 
eventual indices to the ||..||) of E into the set R of real numbers, having 
the following properties: 


(i= 0 oreveny cr 
(II) The relation ||x|| = 0 is equivalent to x = 0. 
(IIT) ||Ax|| = |a|- ||~|| for any xe and any scalar 4. 


(IV) ||x + y|| < |||] + ||y|| for any pair of elements of E (“triangle 
inequality’). 


(5.1.1) If x — ||x|| is a norm on the vector space E, then d(x,y) = ||x — y|| 
is a distance on E such that d(x + 2,y + 2) = d(x,y) and d(Ax,dy) = |Ald(x,y) 
for any scalar A. 


The verification of the axioms of (3.1) is trivial. 

A normed space is a vector space E with a given norm on E; such a 
space is always considered as a metric space for the distance ||x — y]]. 
A Banach space is a normed space which is complete. 

If E is a complex normed vector space, x — ||x|| is also a norm on the 
underlying real vector space Ej, and the metric spaces E and Ey, are 
identical; hence if E is a Banach space, so is Ey. 


* The product of a scalar 4 and a vector # is indifferently written Ax or ¥/; 0 is 
the neutral element of the additive group of the vector space. 
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Exampies of norms. (5.1.2) Ihe examples given in (3.2.1), (3.2.2), 
(3.2.3) and (3.2.4) are real vector spaces, and the distances introduced in 
those examples are deduced from norms by the process of (5.1.1). The 
normed spaces thus defined in examples (3.2.1) to (3.2.3) are complete by 
(3.20.16) and (3.14.3), hence Banach spaces. Example (3.2.4) will be the 
object of a special study in Chapter VII, and we shall see it is also a Banach 
space. 


(5.1.3) Examples corresponding to the preceding ones are obtained by 
replacing everywhere real numbers by complex numbers (and in example 
(3.2.2), squares (x; — y,)® by |x; — ¥;|*). 


(5.1.4) Let I = [a,b] be a closed bounded interval in R, and E = @,(I) 
the set of all real-valued continuous functions in I; E is a vector space 
(f + g and Af being respectively the mappings ¢ > f(t) + g(¢) and £ > Af(é)). 


If we write 


b 


lh = | oat 


a 


\|f\|, is a norm on E, The only axiom which is not trivially verified is (II), 
which follows from the mean value theorem (see Chapter VIII). It can be 
proved that E is not complete (see Problem 1). 

For other important examples of norms, see (5.7) and Chapter VI. 


(5.1.5) IfEzis areal (resp. complex) normed space, the mapping (x,y) +x + y 
is uniformly continuous in E x E; the mapping (A,x) — Ax is continuous 
in R XE (resp. © x E); the mapping x + Ax is uniformly continuous 
ag) Whe 


The proofs follow the same pattern as those of (4.1.1) and (4.1.2); to 
prove for instance the continuity of (A,«) > Ax at a point (Ap,%9), we use the 
formula |jAx — Agxo|| = ||Ao(* — %o) + (A — Ao) % + (A — Ap) (¥ — ie 
|Ao| > [l# — moll + [4 = Aol: [#0] + [4 — Ao] Ie — %o||- 


As a corollary of (5.1.5), it follows that any translation « > a + x and 
any homothetic mapping « > Ax (A 40) is a homeomorphism of E onto 
itself, for the inverse mapping is again a translation (resp. a homothetic 


mapping). 
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PROBLEMS 


1) Let I = [0,1], and let E be the normed space defined in (5.1.4). 
a) For any > 3, let /, be the continuous function defined in I, such that /,(¢) = 1 


1 1 1 
for0<fé< a fn(t) = 0 for pao —<i< l, and that f,(¢) has the form o,f + B, 
w n 


ti 1 
in the interval E a + 4] (with constants a, and £, to be determined). Show 
2 n 


- 


that in E, (f,) isa Cauchy sequence which does not converge (if there existed a limit ¢ 
of (f,) in E, show that one would necessarily have g(t) = 1 forO F< 4 and g(t) = 0 
for } <¢< 1, which would violate the continuity of g). 

b) Show that the distance on E defined in (5.1.4) is not topologically equivalent 
to the distance defined in (3.2.4). (Give an example of a sequence in E which tends 
to 0 for ||f — g||,, but has no limit for the distance defined in (3.2.4)). 

2) 1f A,B are two subsets of a normed space E, we denote by A + B the set of all 
sums a + b, where ae A, DEB. 

a) Show that if one of the sets A,B is open, A + B is open. 

b) Show that if both A and B are compact, A + B is compact (use (3.17.9) and 
(3.20.16)). 

c) Show that if A is compact and B is closed, then A + B is closed. 

d) Give an example of two closed subsets A,B of R such that A + B is not closed 
(cf. the example given before (3.4.1)). 

3) Let E be a normed space. 

a) Show that in E the closure of an open ball is the closed ball of same center 
and same radius, the interior of a closed ball is the open ball of same center and same 
radius, and the frontier of an open ball (or of a closed ball) is the sphere of same center 
and same radius (compare to section 3.8, problem 4). 

b) Show that the open ball B(0;7) is homeomorphic to E (consider the Mapping 
x —> vx/(1 + |[#]))). 

4) In a normed space E, a segment is the image of the interval [0,1] of R by the 
continuous mapping ¢ — fa + (1 — t)b, where ae E and be E; a and b are called 
the extremities of the segment. A segment is compact and connected. A broken line 
in E is a subset L of E such that there exists a finite sequence (7/9 <j <n Of points 
of E having the property that, if S; is the segment of extremities +; and ; 11 for 
6 <i<n—1, Lis the union of the S;; the sequence (+;) is said to define the broken 
line L (a given broken line may be defined in general by infinitely many finite 
sequences). 1f A is a subset of E, a,b two points of A, one says that a and 6 are linked 
by a broken line in A, if there is a sequence (*;)g<i<, such that a = %, b = x, and 
that the broken line L defined by that sequence is contained in A. 

lf any two points of A can be linked by a broken line in A, A is connected. 
Conversely, if AC E is a connected open set, show that any two points of A can be 
linked by a broken line in A (prove that the set of points y € A which can be linked to 
a given point a€ A by a broken line in A is both open and closed in A). 

5) In areal vector space E, a linear variety V is a set of the form a + M, where M 
is a linear subspace of E; the dimension (resp. codimension) of V is by definition the 
dimension (resp. codimension) of M. If b¢ V and if V has finite dimension (resp. 
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finite codimension g), the smallest linear variety W containing both b and V has 
finite dimension p + 1 (resp. finite codimension q — 1). 

Let A be an open connected subset of a real normed space E, and let (V,) be a 
denumerable sequence of linear varieties in E, each of which has codimension > 2; 
show that if B is the union of the V,, AM(E — B) is connected. (Hint: use problem 4; 
if Lis a broken line linking two points a,b of AN(E — B) im A, prove that there exists 
another broken line L’ ‘‘close’’ to L, contained in An (E — B). To do that, observe 
that if x ¢ E — B, the set of points y¢E such that the segment of extremities +,y 
does not meet any V,, is dense in E, using (2.2.17).) 

In particular, if the dimension of E is > 2, and if D is a denumerable subset of E, 
An (E — D) is connected. 

6) If E is a real normed space of dimension > 2, show that an open non-empty 
subset of E cannot be homeomorphic to any subset of R (use problem 5). 

7) a) Show that in a normed space E, a ball cannot contain a linear variety 
(problem 5) of dimension > 0. 

b) Let (E,) be an infinite sequence of normed spaces having dimension > 0, 

ive) 


show that in the metric space E = TI] Ey, there is no norm such that the distance 
n= 


||~ — y|| is topologically equivalent to the distance defined in Problem 7 of section 3.20 
(where d, is taken as a bounded distance on E,, equivalent to the distance defined on 
E, by the norm on that space). (Use a).) 


2. Series in a normed space 


Let E be a normed space. A pair of sequences (*,),50, (Sa)nso 18 called 
a series if the elements ~,,s, are linked by the relations s, = x) + %,+...+%, 
for any m, or, what is equivalent, by %) = 59, %, = 5, — S,_, forn 21, 
x, is called the -th term and s,, the n-th partial sum of the series, the series 
will often be called the series of general term x,, or simply the sertes (x,) 


fo 9) 


(and even sometimes, by abuse of language, the Series 2 2. )qe tile senies 
n=0 


is said to converge tos if lim s, =; sis then called the sum of the series 


n—» © 
0 


and written s=2%+...+% +... rs=24,; 7,=5—S, is called 
n=0 


the n-th remainder of the series; it is the sum of the series having as k-th 
term %,,,; by definition lim 7,=0. 

n> 
(5.2.1) (Cauchy's criterion). If the serves of general term x, 1s convergent, 
then for any e > 0 there is an integer ny such that, forn > ny and p >0, 
Sep — Soll = [[%ee2 be + Xnapl|<e. Conversely, if that condition 
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is satisfied and if the space E is complete, then the serves of general term x,, 
ts convergent. 


This is merely the application of Cauchy’s criterion to the sequence (ca 


(see 3.14). 


As an obvious consequence of (5.2.1) it follows that if the series (%,) is 
convergent, In en han es 


n> 0 n—> 2 


a2 0; but ithar mecessaiy 


condition is by no means sufficient. 


(5.2.2) If the series (x,) and (x;,) are convergent and have sums s, s’, then 
the series (x, + x,) converges to the sum s +s’ and the series (Ax,) to the 
sum As for any scalar 2. 


Follows at once from the definition and from (5.1.5). 


(5.2.3) If (x,) and (x) are two series such that x, = x, except for a finite 
number of indices, they are both convergent or both non-convergent. 


For the series (x,, — x,) is convergent, since all its terms are 0 except 
for a finite number of indices. 


(5.2.4) Let (k,,) be a strictly increasing sequence of integers > 0 with ky = 0; 


kn4+y-1 
if the series (x,) converges to s, and if y,= & Xp», then the series (y,) 
poh, 
converges also to s. 
n ky4y—1 
This follows at once from the relation 2 y;= 2 x, and from 
i=0 j=0 


(3.13.10). 


PROBLEMS 


1) Let (a,) be an arbitrary sequence in a normed space E; show that there exists 
a sequence (%,) of points of E such that lm +, = 0, and a strictly increasing sequence 
n> © 
(k,) of integers such that a, = %) + 7, +... + Xk, for every 7. 


2) Let ao be a bijection of N onto itself, and for each x, let (mz) be the smallest 


number of intervals [a,b] in N, such that the union of these intervals is o([0,2]). 
a) Suppose ¢ is bounded in N. Let (x,) be a convergent series in a normed space E; 


ce co 
show that the series (%(,)) is convergent in E and that 2 4% = 2 xpi). 
n=0 n=0 
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b) Suppose m is unbounded in N. Define a series (%,) of real numbers which 1s 
convergent, but such that the serics (%,(,)) is not convergent in R. (Define by induction 
on # a strictly increasing sequence (ij) of integers having the following properties: 
1° if 2, is the largest element of o(([0,77,]), then [0,;] is contained in o([0,77z +1]); 
2° (mz) SR + 1. Define then x, for n,< 2 < mp4 1 such that x, = 0 except for 
2k conveniently chosen values of ”, at each of which x, is alternately equal to I/k 
or to — 1/&.) 

3) Let (x,) be a convergent series in a normed space E; let o be a bijection of N 
onto itself, and let 


r(n) = |o(n) — »|- sup |[%nl|- 
men 


Show that if lim v(m) = 0, the series (%g()) is convergent in E and that 


n> © 
ice) OG n n 
2 X= &X *Xgin). (Evaluate the difference 2 xp) — & x, for large 71.) 
n= 0 n=0 k=0 k=0 


4) Let (%yn) (1 > 0, 2 > 0} be a double sequence of points of a normed space 1B 
Sippesestnat el dor each j= 0) the series 7,0 4 41 1 9) tf ae oS 
convergent in E; let y,., be itssum, and let ty, = *mn + %m,n+1 + ---; 2° for each 
n > 0, the series 79, + Yin + --- + %mn + --- is convergent in E; let #, be its sum. 

a) Show that for each n> 0, the series vo, + ¥1n + +--+ + ¥mn +: is con- 


vergent; let z, be its sum. 


ie.@) io.@) 
b) In order that 2X vy, = 2 zy, it is necessary and sufficient that lim ¢t, = 0. 
m=0 n=0 n—> © 
1 
5) a) Show that the series oe aes is convergent and has a sum equal 
n>lwem Mm" — Nn 
to — 3/4m? (decompose the rational fraction 1/(m? — x*)). 
1 
b) Let ty, = — if m~#An, and Uy, = 0; show that 
ae — we 
io. 6) iv.@) io 6) [e.2j 
a 2S Um) ae 2 IE Wy) Se) 
m=0 »=0 n=0 m=0 


6) If f isa function defined in N x N, with values in a metric space, we denote by 


lim f(m,n) the limit of f (when it exists) at the point (+ ©, + oo) of R x R, 


m—> ©,n—>» c<O 


with respect to the subspace N x N (3.13). Let (%nn) be a double sequence of real 


numbers, and let $4, = 3 ¥ hp. 
h<am,k<qn 
a) If lim Smn exists, then lim Xn = 0. Give an example in which 
m— 00, 1—> 00 m—> 0,n—> co 
— ’ 9 a 
oe = Sin BO ae — BO Ei Se ee tale for m= 2n + 1, *2n2n = 0, such that 


lim Smn = 0, and none of the series 9 + m1 + +--+ + ¥mn + +++ 
m—>2,n—» ~ 
on + ¥1n + +++ + %mn +s is convergent. 
b) Give an example in which 4%, = Oexceptifm =n+1,m=norn=m-+ l 
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oO co co co 
(hence all series 2 % yy, 2 %mn_ are convergent), L xm, = 2 *%mn = 0 for all 
n=0 m=0 n=0 m=0 
indices m,n, but lim Smn does not exist. 


m—->D,n—> 00 
3. Absolutely convergent series 


(5.3.1) In order that a series (x,) of positive numbers be convergent it ts 
necessary and sufficient that for a strictly increasing sequence (k,) of integers 


co 
> 0, the sequence (s, ) of partial sums be majorized, and then the sums = & x, 
di n=0 


ts equal to sup S, . 
n 


The assumption x, > 0 is equivalent to s,_, <s,, and then the result 
follows at once from (4.2.1). 


In a Banach space E, an absolutely convergent series (x,) 1s a series such 
that the series of general term ||x,|| is convergent. 


(5.3.2) In a Banach space E, an absolutely convergent series (x,) is con- 


Vengent wand ||" Xela. 2) ||lae | 
n=0 n=0 


By assumption, for any ¢ > 0, there is an integer , such that for » > 1, 
cal @ity aU, [tye] = eee SP [2s || eo lncincs 


Fnar tess + na oll Se, 


which proves the convergence of (x,) by (5.2.1). Moreover, for any n, 


Il%o Fes Xall S [lol] +--+ + [n 


pthe inequality ||P =< 2ialieall 
n=0 n=0 


then follows from the principle of extension of inequalities (3.15.4). 


(5.3.3) If (x,) is an absolutely convergent series and o a bijection of N onto 
ttself, then (y,), with Y, = Xm, 18 an absolutely convergent series, and 


oO 
aX x,= 2 y, (“commutativity” of absolutely convergent series). 
n=0 n=0 


n n 
Lets, = 2S x, s, = 2 y,; for each m, let m be the largest integer in 
k=0 k=0 


the set o({0,n]); then by definition 2 ||y,||< Z ||x; 
k=0 1=0 


, and (5.3.1) 


t 


shows that (y,) is absolutely convergent. Moreover, for any e > 0, let n, 
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be such that ||x,,,,|) +... + ||*,+,||<e for «2m and p20; thenif 
m, is the largest integer in o—1([0,7)]), we have ||y,44|| + --- + |[¥n+ell Sé 
for » > my, ’ >; furthermore the difference s,,—s,, is the sum of 
terms x; with 7 >, hence ||s,,, — S,,|| <<; therefore, for » > m) and 


1 > mM, ||S, — Sal] < 3e, which proves that X x, = 2 y,. 


n=0 n=0 
Let A be any denumerable set. We say that a family (%,),<4 of elements 
of a Banach space E is absolutely summable if, for a bijection g of N onto A, 
the series (%,(,)) is absolutely convergent; it follows from (5.3.3) that this 
property is independent of the particular bijection p, and that we can 


oe) 


define the sum of the family (%,),¢4 aS a Xp(ny Which we also write = ae 
r= ae 


As any denumerable set SCE can be considered as a family (with S as 
the set of indices) we can also speak of an absolutely summable (denumerable) 
subset of E and of its sum. 


(5.3.4) In order that a denumerable family (x,),<4 of elements of a Banach 

space E be absolutely summable, a necessary and sufficient condition 1s 

that the finite sums X ||x,|| (J GA and finite) be bounded. Then, for any 
aeJ 


e > 0, there exists a finite subset H of A such that, for any finite subset K 
of A for which HNK=@, SZ ||x,|| <e, and for any finite subset LD H 


aeKk 
of A, || 2 x, — 2 %,|| < 2e. 
aeA aéeL 
The first two assertions follow at once from the definition and from 
(5.3.1). Then, for any finite subset LD H, we can write L= Hu K with 
HnK =@, hence || © x, — © ¥%,||<e; from the definition of the sum 
aeH 


@eL 


S x, it follows (after ordering A by an arbitrary bijection of N onto A) 


aeA 
that || 2 x,— 2 %,||<e, hence || 2 x, — Pye ||| Ss 
acd aeH acA aeL 
(5.3.5) Let (x,)yea be an absolutely summable family of elements of a Banach 
space E. Then, for every subset B of A, the family (x,)zcp 18 absolutely 


summable, and & ||x,\|< 2 ||%al|: 
ae aeA 


If B is finite, the result immediately follows from the definition. If B 
is infinite, then 2 ||x,||< 2 ||x,|| for each finite subset J of B, and 
aej aeA 


the result follows from (5.3.4). 
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(5.3.6) Let (x,)yeq be an absolutely summable family of elements of a Banach 
space E. Let (B,,) be an infinite sequence of non-empty subsets of A, such that 
A= UB,, and B,NB, =O for p#q,; then, Af ee iiie SELICS, 


“eB, 
i2.0) 
(z,) ts absolutely convergent, and X 2, = 2 x, (“associativity” of ab- 
n=0 aeA 


solutely convergent series). 


Given any e > 0 and any integer », there exists, by (5.3.2), for each 
fh = nm, a finite subset J, of B, such that ||z,|/< 2 |i) e/0r tet 
ae J, 


J= UJ Js. we have therefore 2 ||z,||/< 2 |{x,||+e< 2 |||] + 
k=0 k=0 ae J aeA 

(5.3.1) then proves that the series (z,) is absolutely convergent. Moreover, 
let H be a finite subset of A such that, for any finite subset K of A such 
that HmK =@ 2 |lx,||< 2, whence, for any inite subset EP yotm. 


aeKk 


containing H, || 2 x,— 2 x,|| < 2e (see (5.3.4)). Let m be the largest 
aeA aeL 


integer such that HN B,, + O, and let ” be an arbitrary integer > 1. For 

each k < n, let J, be a finite subset of B, containing HN B,, and such that 

for any finite subset L, of B, containing J,, we have ||z, — 2 x,|| <e/(n+ 1) 
aeb, 


(5.3.4). Chen, i b= J L,ywehave || 2 2 | pandas 
k=0 k=0 wel 


it follows from the definition of H that || X z,— 2 x,|| < 3e, which ends 
k=0 aeA 
the proof. 


There is a similar (and easier) result when A is decomposed in a finite 
number of subsets B, (1 <k <n); moreover, in that case, there is a 
converse to (5.3.6), namely, if each of the families (Xa)eeB, is absolutely 
summable, so is (%,),e,; the proof follows, by induction on x, from the 
criterion (5.3.4). 


PROBLEMS 
1) Let (d,) be a sequence of real numbers d, > 0, such that the series (d,) is not 


n 
convergent (i.c., lim 2 dg, = +00). What can be said of the convergence of the 
nwo k=0 
following series: 
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2) Let (u,,) be a convergent series of real numbers, which is not absolutely 


ee} 
convergent, and let s = JZ u,. For each number s’ > s, show that there exists a 
n=0 
bijection o of N onto itself such that o(m) = m for all » such that u, > 0, and that 
ica) 


' tgin) = S’. (Show by induction that for each » there is a bijection o, of N onto 
n=0 


itself such that o,(k) = & for all & such that u, > 0 and that, if ust) = Us, (hk) there 
is an index p, having the property that, for k > py, 


k 
Is’ - 2 u\”| <1fn; 
s=0) 
furthermore, o,41 is such that o,41(%) =o,(k) for all & such that o,(&) < p, and 
all k such that ug < — 1/n.) 


3) Show that for every finite family (¥;);-; of points of the product space R” 

(with the norm ||x|| = sup |&| for x = (&%)1<pr<n), one has 2 ||*;|| << 2”- sup || 2 ~;|| 
jel JCl ieJ 

(consider first the case m = 1). 

4) In a normed space E, a series (¥,) is said to be commutatively convergent if, for 
every bijection o of N onto itself, the series (¥(,)) 1s convergent. 

a) In order that a convergent series (%,) be commutatively convergent, it is 
necessary and sufficient that for every e > 0, there exist a finite subset J of N such 


that, for any subset H of N for which JNH=@, || X %,|| <6. When that condi- 


neH 
CO 


tion is satisfied, the sum J %(,) is independent of o. (To prove the last assertion, 
n=0 


and the sufficiency of the condition, proceed as in (5.3.3). To show that the condition 

is necessary, use contradiction: there would exist an « > 0 and an infinity of finite 

subsets H; (& = 1,2,...) of N, no two of which have common points, and such that 
\| 2 x,|| 2-0 for each &; starting from the existence of these subsets, define o 
neH, 

for which the series (%q,)) is not convergent.) 


b) Suppose the series (,) is such that, for any strictly increasing sequence (7;) 
of integers, the series (%n,) is convergent. Show that the series (¥,) is commutatively 


convergent (use the same argument as in a)). Prove the converse when E is complete 
(use the criterion proved in a)). 

c) If E = R”, show that any commutatively convergent series in E is absolutely 
convergent (use problem 3 and the criterion of a)). 

d) Extend the associativity property (5.3.6) to commutatively convergent series. 


5) Let E be the real vector space consisting of all infinite sequences 7 = (En)n>0 


of real numbers, such that lim &, = 0. For any x€E, let ||*|| = sup ale 
n—> CE n 


a) Show that eal is a norm on E, and that E, with that norm, is a Banach space 
(the ‘‘space (¢g)’”’ of Banach). 
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b) Let e,, be the sequence (bmn)nso With dan = 0 if m A x, Omm = 1. Show that 
oD 

for every point x = (&,)¢E, the series 2 &,e, is commutatively convergent in E, 
n=0 


and that its sum is x; give examples in which the series is not absolutely convergent. 


4. Subspaces and finite products of normed spaces 


Let E be a normed space, F a vector subspace of E (i.e. a subset such 
that xe F and yeF imply ax + fyeF for any pair of scalars «,f); 
the restriction to F of the norm of E is clearly a norm on F, which defines 
on F the distance and topology induced by those of E. When talking of a 
“‘subspace”’ of E, we will in general mean a vector subspace with the induced 
norm. If E is a Banach space, any closed subspace F of E is a Banach 
space by (3.14.5); conversely, if a subspace F of a normed space E is a 
Banach space, F is closed in E by (3.14.4). 


(5.4.1) If Fis a vector subspace of a normed space E, its closure Fin Eis a 
vector subspace. 


By assumption, the mapping (%,y) > x-+ y of E x E into E maps 


F x F into F, hence maps F x F into F, by (3.11.4); as F x F=FxF 
by (3.20.3), the relations x EF, ye F imply x + ye F. Using the continuity 
of (A,x) — Ax, we similarly show that x € F implies Ax € F for any scalar 2. 


We say that a subset A of a normed space E is fotal if the (finite) linear 
combinations of vectors of A form a dense subspace of E; we say that a 
family (x,) is total if the set of its elements is total. 

Let E,,E, be two normed spaces, and consider the product vector 
space E=E, x E, (with (%1,%) + (Ype) = (4 + Yp % + ¥2) and 
A(%1,%_) = (Ax,,Ax,)). It is immediately verified that the mapping 
(4,%2) ~> sup (||%,||,||%2||) is a norm on E, which defines on E the distance 
corresponding to the distances on E,,E,, and therefore the topology of 
the product space E, x E, as defined in (3.20). The ‘‘natural’’ injections 
x, —+ (%,,0), X_ -» (0,x,) are linear isometries of E, and E, respectively onto 
the closed subspaces E, = E, x {0}, E, = {0} x E, of E (3.20.11), and 
E is the direct sum of its subspaces ieee which are often identified to 
b> Tespectively. 

Conversely, suppose a normed space E is a direct sum of two vector 
subspaces F,,F,; each x € E can be written in a unique way x = p,(x) + p,(x), 
with ;(x) € Fy, p(x) € F,, and p,,p2 are linear mappings of E into F,,F, 


, 
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respectively (the ‘‘projections” of E onto F,,F,). The “natural” mapping 
(Yp¥e) > Vy + Yq is a linear bijection of the product space I, x F, onto E, 
which is continuous (by (5.1.5)), but not necessarily bicontinuous (see 
section 6.5, problem 2). 


(5.4.2) In order that the mapping (¥1,V2) > ¥y + Yq be a homeomorphism 
of F, xX F, onto E, a necessary and sufficient condition is that one of the 
linear mappings p,,po be continuous. 


Observe that as x = p,(x) + ?,(%), if one of the mappings #,,/, is 
continuous, so is the other. The mapping x — (p,(%),p.(x)) of E onto 
F, x F, being the inverse mapping to (¥1,¥2) > ¥, + 2, the conclusion 
follows from (3.20.4). 


When the condition of (5.4.2) is satisfied, E is called the topological 
direct sum of F,,F,; a subspace F of E such that there exists another 
subspace G for which E is the topological direct sum of F and G is called a 
topological direct summand of E, and any subspace G having the preceding 
property is called a topological supplement to F. Any topological direct 
summand is necessarily closed (by (3.20.11)), but there may exist closed 
subspaces which are not topological direct summands (although any 
subspace always has an algebraic supplement in E); for examples of such 
spaces, see Bourbaki [6], chap. IV, p. 119, exerc. 5c) and p, 122, exerc. 
Tb) 

The definitions and results relative to the product of two normed spaces 
are immediately extended to the product of a finite number of normed 
spaces (by induction on 1). 


5. Condition of continuity of a multilinear mapping 


(5.5.1) Let E,,...,E,, be » normed spaces, F a normed space, u a multilinear 
mapping of Ey X ... X E, into F. In order that u be continuous, a nec- 
essary and sufficient condition ts the existence of a number a > 0 such that, 
jorany(%,...,%,) EE, xX Ej... X E,, 


u(y Fy) I] Sa [all Ia» La 
We write the proof for ” = 2. 


1) Sufficiency. To prove u is continuous at any point (c,,c,), we write 


U(%4,%_) — U(Cy,Co) = U(x — Cy, %q) + U(Cy,%_— cp inemce ||2¢(%4,%) — u(C4,C9) | 
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a(||%, — ¢||- J ao alee ||¥, — ¢9||). For any 6 such that 0 < 6< I, 
— ¢4|| <4, hence lo) l(Coll teal We tienes 


ee Wea 
fore have 


||2e( %4,%9) — (4,09) || < a(]leq|| + |]ee|| + 1 
which is arbitrarily small with 0. 


2) metic If « is continuous at the point (0,0), there exists a ball B: 
<7 in | <x ES such that the relation (7775) eo elmielics 
leawall =< i ig now (%,,%_) be arbitrary; suppose first x, 4 0, x, ~ 0; 
wer have sly ||) —-4||25||)—=summeniGl 


sleet One) | 24(2a95) Nl ecelimis wire za ee Vi —arse re cella 


Caan See || Fa) Pela ee == Oar y= 0 al) =O, 
hence the preceding inequality still holds. 


(5.5.2) Let u be a continuous linear mapping of a Banach space into a Banach 
space F. If (x,) 1s a convergent (resp. absolutely convergent) series in E, 
(u(x,,)) ts a@ convergent (resp. absolutely convergent) series in F, and 
DEA Ce | = are 


The convergence of the series (#(x,,)) and the relation Xu(x,) = u(2x,) 


n n 


n 


follow at once from the definition of a continuous linear mapping (see 
(3.13.14)). From (5.5.1) it follows that there is a constant a > 0 such that 
||«(x,)|| << a+ ||x,||, hence the series (w(x,)) is absolutely convergent by 
(5.3.1) if the series (x,) is absolutely convergent. 


(5.5.3) Let E,F,G be three Banach spaces, u a continuous bilinear mapping 
of E x F tnto G. If (x,) 7s an absolutely convergent series in E, (y,) an 
absolutely convergent series in F, then the family (u(x,,,V,)) 1s absolutely 
summable, and 


ra XnsVn) = a (2% 2Vn). 
Using the criterion (5.3.4), we have to prove that for any p, the sums 
X  ||e(x,,,¥,)|| are bounded. But from (5.5.1), there is an a>0 


mMapnap 


such that ||u(x,,,¥,)|| < a||x 


Pe alin reince 


XZ |fe%m Yi <@ 2 | aul > [Lyall = ( 


mop, n<p MSP n<p n 


" ie 


P 
lead (2 Isa 
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which is bounded, due to the assumptions on (x,) and (y,). Moreover from 
(5.3.6) and (5.5.2) it follows that, if s=2,, s’ = 2y,, 


ioe) o roo) 
E ult dy) = LE Ul %qrVe)) = ZX U(% pi") = 1(s,5"). 
m,n n= —0) m=0 


(5.5.4) Let E be a normed space, F a Banach space, G a dense subspace 
of E, f a continuous linear mapping of G into F. Then there is a unique 


continuous linear mapping f of E into F which is an extension of f. 


From (5.5.1) it follows that / is uniformly continuous in G, since 
it(x) — fo) = l« — »)|] <a: [|x — yl|; hence by (3.15.6) there is a 


unique continuous extension } Ole) omen Uhestaee taal } is linear follows 
from (5.1.5) and the principle of extension of identities (Clon) 


PROBLEMS 


1) Let « be a mapping of a normed space E into a normed space F such that 
u(x + y) = u(x) + u(y) for any pair of points x,y of E and that u is bounded in the 
ball B(0;1) in E; show that w is linear and continuous. (Consider the mapping 
x —» ||w(x)|| of E in R and observe that |lee(a + ¥)|| < |e(w)|| + |]re(y)|] and u(rx) = ru(~) 
for rational 7; to prove that u(Ax) = Au(x) for every real A, use the same kind of 
argument as in section 4.2, problem 1.) 

2) Let E,F be two normed spaces, 4 a linear mapping of E into F. Show that 


if for every sequence (¥,) in E such that lim x, = 0, the sequence (u(x,)) is bounded 
n> @® 


in F, then w is continuous. (Give an indirect proof.) 

3) a) Let a,b be two points of a normed space E. Let B, be the set of all xe E 
such that ||* — a|| = ||* — 4|| = lle — b||/2; for n > 1, let B, be the set of x € By_i 
such that ||* — y|| < 6(By,—1)/2 for all ye By—1 (6(A) being the diameter of a set A). 
Show that 6(B,) < 6(B,—1)/2, and that the intersection of all the B, is reduced to 
(a + 6)/2. 

b) Deduce from a) that if f is an isometry of a real normed space E onto a real 
normed space F, then f(x) = u(¥) + ¢, where is a lineay isometry, and ce F. 

4) Let us call vectangle in NX Na product of two intervals of N; for any finite 
subset H of N x N, let (A) be the smallest number of rectangles whose union is H. 
Let (H,,) be an increasing sequence of finite subsets of N x N, whose union is N x N 
and such that the sequence ((H,)) is bounded. Let E,F,G be three normed spaces, 
(x,) (resp. (v,)) a convergent series in E (resp. F), f a continuous bilinear mapping 
of E x F into G. Show that 


lea) 


i lim ZS fn yx) =f 2% XY In) 


n—>co (h,k) EH, n=0 n=0 
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5) Let (H,) be an increasing sequence of finite subsets of N X N, whose union 
is N X N; for each 7 € Nand each vEN, let p(j,m) be the smallest number of intervals 


of N whose union is the set Ee) of all integers i such that (7,7) € H,. Suppose (7,7) 
is bounded in N X N. Let (x,) be a convergent series in a normed space E, (y,) an 
absolutely convergent series in a normed space F, « a continuous bilinear mapping 
of E x F into a normed space G. Show that formula (*) of problem 4 still holds 


(use (5.5.1), and remark that the sums 2 #; are bounded in E for all j,n). 
(47) € Hy 


6. Equivalent norms 


Let E be a vector space (over the real or the complex field), ||*||, and 
||«||, two norms on E; we say that ||«/|, is finer than \|x||, if the topology 
defined by ||x||, is finer than the topology defined by iel|oe(seeSad2))s 
if we note E, (resp. E,) the normed space determined by ||«||, (resp. ealioye 
this means that the identity mapping x — x of E, into E, is continuous, 
hence, by (5.5.1), that condition is equivalent to the existence of a number 
a > 0 such that ||x||, <a> ||«||,. We say that the two norms ||4||j, |x|le 


are equivalent if they define the same topology on E. The preceding remark 


yields at once: 


(5.6.1) In order that two norms |\x| 
a necessary and sufficient condition ts that there exist two constants a > 0, 
b> 0, such that 


1||*||, 0” @ vector space E be equivalent, 


a||x|l, <||*ll2 < 4|]*1|, 
for any xeE. 


The corresponding distances are then uniformly equivalent (3.14). 

For instance, on the product E, x E, of two normed spaces, the norms 
sup (||, ), |lxa]] + ell, Viral? + [[xo\\* are equivalent sy @nmthe 
space E = @,(I), the norm ||/\|, defined in (5.1.4) is of equivalent to the 
norm ||/||,, = sup |f(é)| (see section 5.1, problem 1). 

tel 


Xo| 


, 


7. Spaces of continuous multilinear mappings 


Let E, F be two normed spaces; the set Y(E; F) of ali continuous 
linear mappings of E into F is a vector space, as follows from (5.1.5), 


(3.20.4) and (3.11.5). 


7. SPACES OF CONTINUOUS MULTILINEAR MAPPINGS 103 


For each u € Y(E; F), let ||u|| be the g.l.b. of all constants a > 0 which 
satisfy the relation ||(x)|| <a: ||x|| (see (5.5.1)) for all x. We can also 


write 


(5.7.1) ||e||= sup |{ee(x)|]. 

Hall<1 
For by definition, for each a> ||x||, and ||x|| <1, ||#(*)|| <a, hence 
sup ||u(x)|| < ||e||; this already proves (5.7.1) for ||w|| = 0. If ||2e|| > 0, 


|x|} <1 
for any } such that 0 < b < ||e||, there is an x € E such that ||1(x)|| > 0||x||; 
this implies ~ 4 0, hence if z = x/||«||, we still have ||z(z)|| > &- ||z|| = &, 


and as ||z||= 1, this proves that b< sup ||u(x) 
[]*[]<1 


and (5.7.1) is proved. The same argument also shows that 


(5.7.2) ||e|| = sup ||e(z)||- 


Well =2 


|, mene ells sup ||e«(x)||, 
|x| <1 


We now show that ||u|| is a 20rm on the vector space Y(E; F). For if 0; 
then ||w|| = 0 by (5.7.1), and conversely if ||«|| = 0, then u(x) = 0 for 
\|*|] <1, hence, for any x40 in E, u(x) = ||x||2e(x/||x||) = 0. It also 
follows from (5.7.1) that ||Az|| = |A|- ||«||; finally, if w = » + v, we have 
0(2)|| < |}ut2)|| + lloCe||, hence [fel] < |u| + lel] from (5.7.1). 


(5.7.3) If F ts complete, so is the normed space SLA 12, 


For let (#,) be a Cauchy sequence in (Ei) tor amy el unere ig 
therefore an 1, such that ||,, — ™,|| << for m > 1%, 2 No. By (9.7.1), 
for any x such that ||x|| <1, we therefore have ||e4n(%) — u,(x)|| <e for 
m >No, n > Ny; this shows that the sequence (u,,(x)) is a Cauchy sequence 
in F, hence converges to an element v(x) € F. This is also true for any 
« € E, since we can write x = Az with ||z|| < 1, hence u,(x) = Au,(2) tends 
to a limit v(x) = Av(z). From the relation u,(x% + y) = u,(x) + u,(y) and 
from (5.1.5) it follows that v(% + y) = v(x) + v(y), and one shows 
similarly that v(Ax) = Av(x), in other words v in linear. Finally, from 
||24n(%) — %y(%)|| K€ for m D ny, 1 2 Ng, We deduce ||v(x) — u,(x)|| < for 
\|«|| <1 hence ||v(x)|| < ||,|| - ¢, which proves (by (5.9.1) that v is 
continuous, hence in ¥(E;F); furthermore ||y — 4,||<e for » 2 1% (by 
(5.7.1)), which proves the sequence (u,,) converges to v. 

From the definition it follows that, for every «€ E and every we (Eh), 


(5.7.4) f(D < fleell + Ul 
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which proves that the bilinear mapping (x,u) > u(x) of E x BAUS SLO ine) Je 
is continuous (by (5.5.1)). 

The definition of the norm in “(E; F) depends on the norms in E and 
in F; but it is readily seen that, when the norms in FE and F are replaced 
by equivalent norms, the new norm in #(E; F) is equivalent to the old one. 


(5.7.5) Let u be a continuous linear mapping of a normed space E into a 
normed space F, and v a continuous linear mapping of F into a normed 
space G. Then ||vou|| < ||v|| - |||]. 


For if ||x|| <1, then by (5.7.4) |lu(2(x))|| < ||v|| - ||#(%)|| < [lel] > | 
and the result follows from (5.7.1). 


F 


(5.7.6) If F is a real (resp. complex) normed space, the mapping which to 
each a¢ F associates the element 0,: & >a of £(R; F) (resp. &(C; F)) 1s 
a linear isometry cf F onto #(R; F) (resp. #(C; F)). 


The mapping a — 9, is obviously linear; it is surjective, for every linear 
mapping f of R (resp. C) into F is such that /(&) = f(€-1) = &f(1) = &a 
with a = /(1). Finally ||9,|| = sup ||é@|| = ||@|| by axiom (IIT) of (5.1). 

[é|<1 

Let now E,,...,En,F be » + 1 normed spaces, and define #(Ej,.. ay) 
as the vector space of all continuous multilinear mappings of EF, x ... X E, 
into F. Then for #¢€ #(E,,...,E,;F), the same argument as above shows 
that the g.l.b. |\z|| of all constants a >0 such that 


ex.) Salle] Mea 
is also given by 


(5.7.7) ||2e|| = sup Weel e ne ceee A ale 

Iall <1, ...,Tagll <2 
We also see that ||2¢] isanorm on ¥(E,,...,E,,;F); but in fact these vector 
spaces can be reduced to spaces #(X; Y): 


(5.7.8) Lor each ue L(E,F;G) and each x EF, let u, be the linear mapping 
y—>u(x,y). Then tt: x > u,1s a linear continuous mapping of E into L(F; G), 
and the mapping u > i 1s a linear isometry of L(E,F;G) onto L(E; LF; G)). 


We have ||z,(y)|| = ||ce(x,¥)|| < ||ze|] - ||x]]- |[y|], nence w, is continuous 
by (5.5.1); moreover ||u,|| = sup ||z(x,y)|], hence (2.3.7) 
Iyl|<1 
sup ||#,||= sup —_||v(x,y)|| = |[eel| 


Il#]] <1 Halls [lyl[<1 
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which proves that x — w, (which is obviously linear) is continuous, and 
u— i is an isometry of Y(E,F;G) into Y(E; #(F; G)). Finally «+ %@ is 
surjective, for if ve Y(E; Y(F; G)), then wu: (x,y) > (v(x))(y) is obviously 
bilinear, and as {f(o(2))(9)|| < [fell Ilyl] < llell- Ilxil- loll by 6-7-4, 
u is continuous, and v(x) = u,, which ends the proof. 

Byesinduction (one 7, sit tollows that 2(E,,E5/...,H,,P)ecan be 
naturally identified (with conservation of the norm) to 


WAGE ARDS ou AUDIO Ree 


PROBLEMS 


1) Let E be the space (cy) of Banach, defined in section 5.3, problem 5; we keep 
the notations of that problem. Let « be a continuous linear mapping of E into R; 
if u(e,) = Nn», Show that the series 2, is absolutely convergent, and that, in the 


lee) 
Banach space E’ = Y(E; R), |u|] = 2 |yn| (apply (5.5.1) for suitable values of 
n=0 


x €E). Conversely, for any absolutely convergent series (7,) of real numbers, there 
is one and only one continuous linear mapping u of E into R such that u(éy) = Nn 


lee) ic.2) 
for every n; andifx—= JZ &e,¢€E, then u(v) = 2 myé, (the space E’, with the 
n=0 n=0 


norm defined above, is the ‘‘space /!’’ of Banach). 

b) As a vector space (without a norm) E’ can be considered as a subspace of E; 
show that the norm on E’ is strictly finer (5.6) than the restriction to E’ of the 
norm of E. 

c) Show that the space E” = £(E’; R) of the continuous linear mappings of E’ 
into R can be identified with the space of all bounded sequences + = (¢,) of real 


numbers, with norm ||x|| = sup |f,| (“space 7%” of Banach; use the same method 
nm 


as in a)). E can be considered as a closed subspace Ol JE”. 

d) In the space E’, let P be the subset of all absolutely convergent series 4 = (7/,) 
with terms 7), = 0; any element of E’ can be written “ — v, where both uw and v are 
in P; yet show that the interior of the set P is empty. 


2) a) Let E be the space (c,) of Banach, and let U be a continuous linear mapping 


io.9) 
of E into itself. With the notations of problem 1, let U(e,) = 2 OLmnem; show that: 
m=0 
io.9) ice) 
1° lim en = 0; 2° the series LY |X| is convergent for every m,; ay) (iio) PS fede 
m—> © n=0 m n=0 


is finite. (Same method as in problem 1 a).) Prove the converse, and show that the 
Banach space “(E; E) can be identified with the space of double sequences U = (0.,) 
[e3) 


satisfying the preceding conditions, with the norm |) sup 2) jeanl- 
m n=0 
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b) Let E’ be the space /! of Banach (problem 1). Show similarly that the Banach 
space Y(E’; E’) can be identified with the space of double sequences U = (ayn) such 


fo 6) co 
that: 1° the series 2 |%m,| is convergent for every 2; 2° sup 2 lxmn| is finite; 
m=0 n m=0 
00 
the norm is then equal to ||U|| = sup 2 lon». 
nm=0 


3) Let E be a normed space; show that there cannot exist two continuous linear 
mappings u,v of E into itself such that wov — vow = 1 (the identity mapping). (Prove 
that this would imply wov% +} — y*+Joy% = (m + 1)v", and therefore the inequality 
(n + 1)|[v™|| < 2\[u|]- |[o|]- |Jo%|], which leads to v” = 0 as soon as n is large enough, 
hence v = 0, which is a contradiction.) 


8. Closed hyperplanes and continuous linear forms 


We recall that a linear form on a real (resp. complex) vector space E 
is a linear mapping / of E into R (resp. €); its kernel H = f~1(0) is then 
a vector subspace such that for any a¢ H, E is the algebraic direct sum 
of H and Ra (resp. €a). A subspace having this last property is called a 
hyperplane; if H is a hyperplane, a¢H, and if for any x¢E we write 
x = f(x)a + y with f(x) a scalar and y eH, then / is a linear form and 
H = /-\(0). The relation /(x) = 0 is called an equation of H; if /, is another 
linear form such that H = /,-1(0), then /, = af (a scalar). We also recall 
that a hyperplane is maximal: any vector subspace of E containing a 
hyperplane H is either H or E itself. 


(5.8.1) In a real (resp. complex) normed space E, let H be a hyperplane 
of equation f(x) = 0. In order that H be closed in E, a necessary and suffi- 
cient condition ts that f be continuous. For any b € H, E 1s then the topological 
direct sum (see (5.4)) of H and of the one-dimensional subspace D = Rb 
(resp, Dy — (0d). 


It is clear that if f is continuous, H = f—1{0) is closed (see (3.15.1)). 
To prove the converse, let a¢ H be such that f(a) = 1. As H is closed, 
so is a + H (by (5.1.5)), and as O¢a-++H, there is a ball V: ||x|| <7 
which does not meet a + H; therefore x € V implies f(x) 1. We prove 
x€V implies |f(x)| <1. Suppose the contrary, and let « = f(x), with 
la] > 1; then ||x/o|| = (1/Ja|) ||x||<7, and f(x/a) = 1, which contradicts 
the definition of V. By homogeneity and (5.5.1) it follows that / is contin- 
uous. If 6¢H, we have x = g(x)b + y with y eH for each xe E, and 
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g(x) = 0 is another equation of H; hence g is continuous, and the mapping 
x — g(x)b of Einto D = Rb (resp. Cd) is therefore continuous, which proves 
the last part of (5.8.1) by (5.4.2). 


(5.8.2) In a normed space E, a hyperplane H is either closed or dense. 
For H is a vector subspace (by (5.4.1)) which can only be E or H. 


PROBLEMS 


1) Let E be the (non complete) subspace of the space (¢)) of Banach, consisting 
of the sequences x = (&,) of real numbers, having only a finite number of terms 


ioe) 
different from 0. For any sequence («,) of real numbers, the mapping * > u(4) = 2S Cyen 
n=0 


is a linear form on E, and all linear forms on E are obtained in that way; which of 
them are continuous (see (5.5.4) and problem 1 of section 5.7) ? 

2) a) In a normed space E, let H be the closed hyperplane of equation u(%) = 0, 
where u is a continuous linear form. Show that for any point ae E, the distance 
d(a,H) = |«(a)|/||]. 

b) In the space (cp) of Banach, let H be the closed hyperplane of equation 


u(x) = L& 2-*&, = 0; if a¢ H, show that there is no point b¢€H such that 


n=0 
d(a,H) = d(a,b). 

3) In a real vector space E, the linear varieties of codimension 1 (section 5.1, 
problem 5) are again called hyperplanes; they are the sets defined by an equation 
of the type u(x) = a, where wu is a linear form, « any real number; the hyperplanes 
considered in the text are those which contain 0, and are also called homogeneous 
hyperplanes; any hyperplane defined by an equation u(x) = a is said to be parallel 
to the homogeneous hyperplane defined by u(x) = 0. If A is a non empty subset 
of E, a hyperplane of support of A is a hyperplane H defined by an equation u(x) = a, 
such that u(x) — «> 0 for all xe A, or u(x) —o@ <0 for all EA, and u(%) = 
for at least one point %,€ A. 

a) In a real normed space E, a hyperplane of support of a set containing an 
interior point is closed (see (5.8.2)). 

b) Let A be a compact subset of a real normed space E; show that for any 
homogeneous closed hyperplane Hy defined by the equation u(x) = 0, there are two 
hyperplanes of support of A which are defined by equations of the form u(x) = a, 
and may eventually coincide; their distance is at most equal to the diameter 
of A. 


c) In the space (¢)) of Banach, consider the continuous linear form x — u(x) 


show that the closed ball B’(0;1) has no hyperplane of support 
n=0 


having an equation of the form u(%) = « (cf. problem 2 b)). 
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9. Finite dimensional normed spaces 


(5.9.1) Let E be an n-dimensional real (resp. complex) normed vector space, 
if (a,,---,4,) 18 a basis of E, the mapping 


(Gee ee,) Cit ee ene 


of R” (resp. ©”) onto E is bicontinuous. 

We use induction on , and prove first the result for m = 1. We know 
by (5.1.5) that & — a, is continuous; as a, 0 and Wa callie |e, 
we have |é| < (1/||a,||) - ||€a,||, which proves the continuity of ga, > &, 


by (5.5.1): 
Suppose the theorem is proved for 7 — 1, and let H be the hyperplane 
in E generated by a,,...,@,_,; the inductive assumption implies that the 


norm on H (induced by that of E) is equivalent to the norm = sup ‘|g; 
1<i<n-1 


hence H is complete (for both norms) and therefore closed in E (by (3.14.4)). 
It follows from (5.8.1) that the mapping (é,4, + ... + &,4,)— &, is contin- 
uous, and this, together with the inductive assumption, ends the proof 


(by (3.20.4) and (5.4.2). 


? 


(5.9.2) Ina normed space E, let V be a closed subspace, W a finite dimensional 
subspace; then V + W is closed in E. In particular, any finite dimensional 
subspace ts closed in E. 


We can use induction on the dimension 2 of W, and therefore reduce 
the proot to the case 7 — To Let \y =a iresp y= C0) ieee a 
V + W=V and there is nothing to prove. If not, we can write any 
xeéV-+ W in the form x = /(x)a + y with ye V, and as V is a closed 
hyperplane in V + W, / is continuous in V + W, by (5.8.1). Let (%,) be 
a sequence of points of V + W tending to a cluster point 6 of V+ W 
(see (3.13.13)); write ~, = /(4,Ja 42 4,, By (5.5.1), thewsequemces( a) 
is a Cauchy sequence in R (resp. ©), hence tends to a limit A; therefore 
Vy = *, —/(%,)a tends to 6 — Aa; but as V is closed, the limit of (y,) is 
in V, hence b€ V + W, q.e.d. (see section 6.5, problem 2). 


(5.9.3) In anormed space E, let V be a closed subspace of finite codimension 
(i.e. having a finite dimensional algebraic supplement); then any algebratc 
supplement of V 1s also a topological supplement. 


Let W be an algebraic supplement of V in E; we use induction on the 
dimension 7 of W, the result having been proved for » = 1 in (5.8.1). 
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We can write W = D + U where D is one-dimensional and U is (7 — 1)- 
dimensional (direct sum); by (5.9.2), V + D is closed in E, hence U is a 
topological supplement to V + D by the inductive assumption. In other 
words, E is naturally homeomorphic to (V + D) x U; by (5.8.1), V + D 
is naturally homeomorphic to V x D, hence E is naturally homeomorphic 
to V x D x U. Finally, as D x U is naturally homeomorphic to W, E is 
naturally homeomorphic to V x W, q.e.d. 


(5.9.4) (F. Riesz’s theorem). A locally compact normed space E75 jinie 
dimensional. 
Replacing the norm by an equivalent one, we can suppose the ball B: 


ix 


<1 is compact. Therefore (3.16.1) there exists a finite sequence of 
points a; (1 <i <n) such that B is contained in the union of the balls 
of center a; and radius 1/2. Let V be the finite dimensional subspace 
generated by the a;. We prove by contradiction that V = E. Suppose 
indeed there is an x €E which is not in V. As V is closed (by (5.9.2)) 
d(x,V) = «> 0; by definition of d(x,V), there is in V a point y such that 
a <||x — yl| <3. Let z= (x — y\/||x —y 
there is an index i such that ||z—,|| << 1/2. Let us write 


; we have ||z|| = 1, hence 


x=y + ||x — y|lze=y + lle — vila; + | — yz 4) 


and note that y + ||x — y||a; € V. By definition of d(x,V), we have therefore 
eel lz Glo, hence |x — y|| S20, which contradicts the 
choice of y, since a - 0. 


PROBLEMS 


1) Show that if E isa finite dimensional normed space, every linear mapping of E 
into a normed space F is continuous (use (5.9.1) and (5.1.5)). 

2) We recall that a vector basis of a vector space E is a family (aj)ze,, such that 
any element of E can be written in a unique way as a linear combination of a finite 
number of a;; this implies in particular that the a, are linearly independent. 

a) Let (a,) be a sequence of linearly independent elements in a Banach space ES 
Define inductively a sequence (u,) of real numbers > 0 in the following way: if dy, 
is the distance of the point ,a, to the subspace V,—1 generated by a,,...,@,—1 (note 
that d, > 0 by (5.9.2)), take w,41 Such that nal * ||@n+1||< 4n/3. Show that the 

00 
series 2 [,@, is absolutely convergent, and that its sum # does not belong to any 
n=1 
of the subspaces V,. 
b) Deduce from a) that a Banach space of infinite dimension cannot have a 


denumerable vector basis. 
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3) Show that a normed space in which there is a sphere which is compact is finite 
dimensional. (Observe that the set of points in a normed space E such that a4 < ||#|| <b 
(with a > 0) is homeomorphic to the product space of the interval [a,b] and of the 
Sphere =: |||z|\e— Uy use them Riesz s theorem (5.9.4))) 


10. Separable normed spaces 


(5.10.1) Jf 1 a normed space E there exists a total (5.4) sequence, E is 
separable. Conversely, in a separable normed space E, there exists a total 
sequence consisting of linearly independent vectors. 


Suppose (4,,) is a total sequence, and let D be the set of all (finite) linear 
combinations 7,4, + ... + 7,a, with rational coefficients (when E is a 
complex vector space, by a “‘rational’’ scalar we mean a complex number 
a -+ 28, with both a and # rational). D is a denumerable set by (1.9.3) 
and (1.9.4). As by definition the set L of all linear combinations of the a, 
is dense in E, all we have to prove is that D is dense in L, and as 


|(Aya, +... +4,4,) — (4a, +... +7,4,)|] < Das = | || 
j=l 
this follows from (2.2.16). 

Suppose conversely E is separable; we can of course suppose E is 
infinite dimensional (otherwise any basis of E is already a finite total 
subset). Let (a,) be an infinite dense sequence of vectors of E. We define 
by induction a subsequence (4,,) having the property that it consists of 


linearly independent vectors and that for any m < k,, a,, is a linear combina- 
GIO OV EAs 5 -,4,,- To do this, we merely take for k, the first index for 


which a, 0, and for k, ,, the smallest index m > k, such that a, is not 
in the subspace V,, generated by ,,.++,4 ; such an index exists, otherwise, 


as V,, 1s closed by (5.9.2), V,, would contain the closure E of the set of all 
the a,, contrary to assumption. It is then clear that (4, _) has the required 


properties, and is obviously by construction a total sequence. 


PROBLEM 


Show that the spaces (cy) and J! of Banach (section 5.3, problem 5 and section 5.7, 
problem 1) are separable, but that the space /® (section 5.7, problem 1) is not separable. 
(Show that in /® there exists a nondenumerable family (x,) of points such that 
\|¥, — *,|| = 1 for 4A p, using problem 2 b) of section 4.2 and (2.2.17).) 


Chapter VI 


Hilbert Spaces 


Hilbert spaces constitute at present the most important examples of 
Banach spaces, not only because they are the most natural and closest 
“nfinite dimensions’, of our classical 


ra 


generalization, in the realm of 
Euclidean geometry, but chiefly for the fact that they have been, up to 
now, the most useful spaces in the applications to Functional Analysis. 
With the exception of (6.3.1), all the results easily follow from the defini- 
tions and from the fundamental Cauchy-Schwarz inequality (6.2.4). 


1. Hermitian forms 


For any real or complex number /, we write / for its complex conjugate 
(equal to 4 if 2 is real). A hermitian form on a real (resp. complex) vector 
space E is a mapping / of E x E into R (resp. €) which has the following 


properties: 

(I) fa + *',y) = Kx9) + 1659), 
(II) fay t+ y') = fay) + 1069), 
(IIT) {(Ax,y) = Af(%,9), 

(IV) {(x,Ay) = Af(x,9), 

(V) Ky.) = M(%,9) 


(Observe that (II) and (IV) follow from the other identities; (V) implies 
that /(x,x) is real.) When E is a real vector space, conditions (I) to (IV) 
express that / is bilinear and (V) boils down to /(y,x) = f(x,y), which 


111 
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expresses that / is symmetric. For any finite systems (¥;),(y,),(«;),(8)) of 
scalars, we have 


(6.1.1) (2a,x;, 2B;y;) = 2 aB f(x.) 
i j i] 


by induction on the number of elements of these systems. 

From (6.1.1) it follows that if E is finite dimensional and (a,) is a basis 
of E, f is entirely determined by its values «;; = /(a;,a;), which are such 
that (by (V)) 

(6.1.2) oa, 


ft iP 


t 


Indeed we have then, for x = 2&4, y=2,4 


(6.1.3) Wee) = e Hi SiT]je 


Conversely, for any system («;;) of real (resp. complex) numbers satisfying 
(6.1.2), the right hand side of (6.1.3) defines on the real (resp. complex) 
finite dimensional vector space E a hermitian form. 


(6.1.4) Example: Let D bea relatively compact open set in R?, and let E 
be the real (resp. complex) vector space of all real-valued (resp. complex- 
valued) bounded continuous functions in D, which have bounded contin- 
uous first derivatives in D. Then the mapping 


(1.8) > phe) = \| (ols. fx s)eCea) + b(x,y) 5 


(where a,b,c are continuous, bounded and real-valued in D) is a hermitian 
form on E. 


A pair of vectors x,y of a vector space E is orthogonal with respect to 
a hermitian form f on E if f(x,y) = 0 (it follows from (V) that the relation 
is symmetric in x,y); a vector x which is orthogonal to itself (i.e. {(x,x) = 0) 
is isotropic with respect to /. For any subset M of E, the set of vectors y 
which are orthogonal to all vectors x € M is a vector subspace of E, which 
is said to be orthogonal to M (with respect to f). It may happen that there 
exists a vector a #0 which is orthogonal to the whole space E, in which 
case we say the form / is degenerate. On a finite dimensional space E, 
nondegenerate hermitian forms / defined by (6.1.3) are those for which 


the matrix («,;) is invertible. 


2. POSITIVE HERMITIAN FORMS 113 


PROBLEM 


a) Let / be a hermitian form on a vector space E. Show that if E is a real vector 
space, then 


EY) a ai 5) 
and if E is a complex vector space 
4f(%.y) = fle + ye + 9) — He — ye — ¥) + ite + tye + iv) — if(x — ty, — iy). 


b) Deduce from a) that if f(x,7) = 0 for every vector in a subspace M of E, then 
f(4,y) = 0 for any pair of vectors x,y of M. 

c) Give a proof of b) without using the identities proved in a). (Write that 
f(w + Ay,* + Ay) = 0 for any 2.) 


2. Positive hermitian forms 


We say a hermitian form / on a vector space E is positive if f(x,x) > 0 
for any *€E. For instance, the form g defined in example (6.1.4) is 
positive if a,b,c are >O in D. 


6.2.1 Cauchy-Schwarz inequality). If / 7s a positive hermitian form, then 
y quality p 
IM*¥) 7? < Kx, ay.) 
for any patr of vectors x,y in E. 


Write @— /(x,x), 0 = j/(x,y), ¢— f(y,y) and recall a and ¢ are real 
and > 0. Suppose first c 40 and write that /(~ + Ay,x + Ay) > 0 for 


any scalar A, which gives a + 6A + 5A + cAd SO; substituting A = — dje 
yields the inequality. A similar argument applies when c= 0, 440; 
finally if a = c = 0, the substitution A = — 0 yields — AA 10), se, = 10), 


(6.2.2) In order that a positive hermitian form { on E be nondegenerate, 
a necessary and sufficient condition ts that there exist no isotropic vector for | 
other than 0, i.e. that f(x,x) > 0 for any x A0 in E. 


Indeed, /(x,x) = 0 implies, by Cauchy-Schwarz, that /(x,y) = 0 for 
all ye E. 


(6.2.3) (Minkowski’s inequality). J/ / ts a posttive hermitian form, then 
Viet ye $9) < Vie) + Vion) 


for any patr of vectors x,y mm E, 
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As f(x + 9.x + 9) = f(x,2) + fey) + Hy) + fy,y), the inequality 


is equivalent to 


QR} (x,y) = fx,y) + 29) < 2Yf(%,2)f(y,9) 


which follows from Cauchy-Schwarz. 


The function x — Vflx,x) therefore satisfies the conditions (I), (III) 
and (IV) of (5.1); by (6.2.2), condition (II) of (5.1) is equivalent to the 
fact that the form fis nondegenerate. Therefore, when / is a nondegenerate 


positive hermitian form (also called a positive definite form), Vilz,x) is @ 
norm on E. A prehilbert space is a vector space E with a given non- 
degenerate positive hermitian form on E; when no confusion arises, that 
form is written (x|y) and its value is called the scalar product of x and y; 
we always consider a prehilbert space E as a normed space, with the norm 


Wee) V(alx); and of course, such a space is always considered as a metric 
space for the corresponding distance ||* — y||. With these notations, the 
Cauchy-Schwarz inequality is written 


(6.2.4) [(#19)] < [ll] [ol 


and this proves, by (5.5.1), that for a real prehilbert space E, (x,y) — («|y) 
is a continuous bilinear form on E x E (the argument of (5.5.1) can also be 
applied when E is a complex prehilbert space and proves again the con- 
tinuity of (x,y) > (xy), although this is not a bilinear form any more). 
We also have, as a particular case of (6.1.1): 


(6.2.5) (Pythagoras’s theorem). I a prehilbert space E, if x,y are orthogonal 
vectors, 


Il yl? = [lI]? + [Io?. 


An isomorphism of a prehilbert space E onto a prehilbert space E’ is 
a linear bijection of E onto E’ such that (f(x)|f(y)) = (x|y) for any pair 
of vectors x,y of E. It is clear that an isomorphism is a linear isometry 
of E onto E’. 

Let E be a prehilbert space; then, on any vector subspace F of E, 
the restriction of the scalar product is a positive nondegenerate hermitian 
form; unless the contrary is stated, it is always that restriction which is 
meant when F is considered as a prehilbert space. 
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A Hilbert space is a prehilbert space which is complete. Any finite 
dimensional prehilbert space is a Hilbert space by (5.9.1); other examples 
of Hilbert spaces will be constructed in (6.4). 

If in example (6.1.4) we take a > 0, 6 > 0, c > 0, it can be shown that 
the prehilbert space thus defined is not complete. 


PROBLEMS 


1) Prove the last statement in the case a = 1, b = c = 0 (see section 5.1, prob- 
lem 1). 

2) Let E be a real normed space such that, for any two points +,y of E, 
IIx + yl]? + [lx — 9ll* = 2U|al|* + |lp1l2). Show that f(x,y) = |]x + yl? — [I-11 — [32 
is a positive nondegenerate hermitian form on E. 

3) Let / be a positive nondegenerate hermitian form. In order that both sides of 
(6.2.1) be equal, it is necessary and sufficient that + and y be linearly dependent. 
In order that both sides of (6.2.3) be equal, it is necessary and sufficient that ¥ and y 
be linearly dependent, and, if both are #4 0, that y = Ax, with A real and > 0. 

4) Let a,b,c,d be four points in a prehilbert space E. Show that 


[|e — el] - [lb — 4|| <]la — 4]]- [le — 4]] + [I — ell Il — 4]. 


(Reduce the problem to the case a = 0, and consider in E the transformation 
4 —» x|||%||?, defined for x 0.) When are both sides of the inequality equal ? 


3. Orthogonal projection on a complete subspace 


(6.3.1) Let E be a prehilbert space, F a complete vector subspace of E (i.e. a 
Hilbert space). For any x € E, there is one and only one point y = P,(x) € F 
such that ||x — y|| =d(x,F). The point y= P,(x) ts also the only point 
ze€F such that x —z is orthogonal to F. The mapping x + P,(x) of E 
onto F is linear, continuous, and of norm 1 if F % {0}; its kernel F’ = Px *(0) 
is the subspace orthogonal to F, and E is the topological direct sum (see (5.4)) 
of F and F’. Finally, F ts the subspace orthogonal to F’. 


Let « = d(x,F); by definition, there exists a sequence (y,) of points 


of F such that lim ||x — y,|| = «; we prove (y,) is a Cauchy sequence. 
n—> © 


Indeed, for any two points u,v of E, it follows from (6.1.1) that 
(6.3.1.1) fee + ofl? + [ee — v ||? = 2({ [24]? + [To] |?) 


hence {|¥_,— Yall? = 2(||% — Yall? + Il — ull?) — 411% — 80%m + Yn)”: 
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But 4(y»_, + ¥,) €F, hence ||x — 4(y,, + y,)||? 2 «7; therefore, if 1 is 
such that for > mp, ||x — y,||?>< «?-+ ¢, we have, for m 2m) and 
n> N%, |\¥m — Yn\|2 <4e, which proves our contention. As F is complete, 
the sequence (y,) tends to a limit y¢F, for which ||x — y|| = d(x,F). 
Suppose y’ € F is also such that ||x — y’|| = d(x,F); using again (6.3.1.1), 
we obtain ||y — y'||? = 4a? — 4||x — 3(y 4+ y’)|[*?, and as 4(y + y’) EF, 
this implies ||y — y'||? <0, ie. y’ = y. Let now z 4 0 be any point of F, 
and write that |)~ — (y + Az)||?> a? for any real scalar 20; this, by 
(6.1.1), gives 


2AB(x — y|z) + A>|Iz||? > 0 


and this would yield a contradiction if we had A(x — y|z) 4 0, by a suitable 
choice of 2. Hence &(x — y|z) = 0, and replacing z by zz (if E is a complex 
prehilbert space) shows that %(x — y|z) =0, hence (x — y|z) = 0 in 
every case; in other words x — y is orthogonal to F. Let y’ € F be such 
that x — y’ is orthogonal to F; then, for any z~0 in F, we have 
I|z — (y’ + 2)||? = ||* — v’||? + |\z||? by Pythagoras’s theorem, and this 
proves that y’ = y by the previous characterization of y. 

This last characterization of y = P,(x) proves that P, is linear, for 
if «x — y and x’ — y’ are orthogonal to F, then Ax — Ay is orthogonal 
to F and so is (x + x’) —(y+ y’) = (« — y) 4 (#’ — y'}); asy+y'eF 
and AyeF, this shows that y+ y’= Pp(x 4+ x’) and Ay = Pp(Ax). 
By Pythagoras’s theorem, we have 


(6.3.1.2) [|~||? = ||Pa(x) ||? + ||~ — P(x) ||? 


and this proves that ||Pp(x)|| < ||x||, hence (5.5.1) P, is continuous and 
has norm <1; but as Pp(x) = x for xe F, we have ||P,|| = 1 if F is 
not reduced to 0. The definition of P; implies that F’ = P; '(0) consists 
of the “vectors x orthogenall’ to: F345 9, Pa( 4s re) oma 
x — Py(x)eF’ for any xeE, we have E=F-+ F’; moreover, if 
xEFNF’, x is isotropic, hence x = 0, and this shows that the sum F 4+ F’ 
is direct. Furthermore, the mapping x > P,(x) being continuous, E is 
the topological direct sum of F and F’ (5.4.2). Finally, if x € E is orthogonal 
to F’, we have in particular (x|« — P,(x)) = 0; but we also have 
(Pp(x)|x — Pp(x)) = 0, hence |x — P,(x)||2=0, ie. x = Pp(x) EF. 
OneaD: 

The linear mapping Py is called the orthogonal projection of E onto F, 
and its kernel F’ the orthogonal supplement of F in E. Theorem (6.3.1) 
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can be applied to any closed subspace F of a Hilbert space E (by (3.14.5)), 
or to any finite dimensional subspace F of a prehilbert space, by (5.9.1). 


(6.3.2) Let E be a prehilbert space; then, for any acE, x > (xa) is a 
continuous linear form of norm |\a\|. Conversely, if E is a Hilbert space, 
for any continuous linear form u on E, there ts a unique vector ac E such 
that u(x) = (x|a) for any x EE. 


By Cauchy-Schwarz, |(x\a)| < ||a||- ||x|], which shows (by (5.5.1)) 
x — (xa) is continuous and has a norm < |{a||; on the other hand, if a 4 0, 
fiero igo — 2/2 ; as ||x,|| = 1, this shows the 
norm of x — (x|a) is at least ||a|]. Suppose now E is a Hilbert space; 


, we have (%9|a) = ||a 


the existence of the vector a (= 0) being obvious if u = 0, we can suppose 
ux~0. Then H = u-!(0) is a closed hyperplane in E; the orthogonal 
supplement H’ of H is a one-dimensional subspace; let 6 40 be a point 
of H’. Then by (6.3.1) H is orthogonal to 8, in other words we have (x|b) = 0 
for any x€H. But any two equations of a hyperplane are proportional, 
hence there is a scalar A such that u(x) = A(x|b) = (xa) with a = 22, 
for all x EE. The uniqueness of a follows from the fact that the form (x|¥) 
is nondegenerate. 


PROBLEMS 


1) Let B be the closed ball of center 0 and radius 1 in a prehilbert space E. Show 
that for each point x of the sphere of center 0 and radius 1, there exists a unique 
hyperplane of support of B (section 5.8, problem 3) containing ~. 

2) Let E be a prehilbert space, A a compact subset of E, 6 its diameter. Show 
that there exist two points a,b of A such that ||¢ — b|| = 6 and that there are two 
parallel hyperplanes of support of A (section 5.8, problem 3) containing @ and b 
respectively, and such that their distance is equal to 6. (Consider the ball of center a 
and radius 6 and apply the result of problem 1.) 

.“3) Let E be a Hilbert space, F a dense linear subspace of E, distinct from E. Show 
that there exists in the prehilbert space F a closed hyperplane H such that there is 
no vector + 0 in F which is orthogonal to H. 


4. Hilbert sum of Hilbert spaces 


Let (E,) be a sequence of Hilbert spaces; on each of the E,, we 
write the scalar product as (x,|y,). Let E be the set of all sequences 
x = (X,,%p,..+,%,,---) such that x,¢E,, for each , and the series EA) 


is convergent. We first define on E a structure of vector space: it is clear 
that if x = (x,) € E, then the sequence (Ax,,...,A%,,...) also belongs to E. 
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On the other hand, if y = (y,) is a second sequence belonging to E, we 
observe that ||x, + y,||? < 2(||x,||? + ||y,|/?) by (6-3.1.1), hence the 
series (||x, + y,||?) is convergent by (5.3.1), and therefore the sequence 
(4) = Vie». %q_ 4 Va) Delongs to 1) Werdeline 7 eee) 
Ax = (Ax,), and the verification of the axioms of vector spaces is trivial. 
On the other hand, from the Cauchy-Schwarz inequality, we have 


[(% nln) | SS [all > [onl] SS BCI %nl |? + [1% ?)- 


Therefore, if x = (x,) and y = (y,) are in E, the series (of real or complex 
numbers) ((x,|¥,)) is absolutely convergent. We define, for x = (x,) and 
y = (y,) in E, the number (x|y) = 2 (x,|y,); it is immediately verified 

sl 
that the mapping (x,y) — (x|y) is a Hermitian form on E. Moreover we 


2, hence (x|y) is a positive nondegenerate hermitian 


jie (Cay) == es. 
n=1 


form and defines on E a structure of prehilbert space. We finally prove E 
is in fact a Hilbert space, in other words it is complete. Indeed, let 
(xo) — (x) be a Cauchy sequence in E: this means that for any e>0 
there is an my such that for p > m, and g > mp, we have 


(6.4.1) Dab ae eee 


For each fixed n, this implies first ||x!?) — x'||2 <e, hence the sequence 
(eee is a Cauchy sequence in E,, and therefore converges to a 
limit y,. From (6.4.1) we deduce that for any given N 


as soon as p and q are > mp, hence, from the continuity of the norm, we 


N 
deduce that 2 |/x\?) — y ||2 <e for p> m,, and as this is true for all 


n=1 
integers N, we have & ||x?) — y,||2<.e, This proves first that the 
sequence (xj?) — y,) belongs to E, hence y = (y,) also belongs to E, and 


we have ||x\) — y||2 <e for p > mp, which ends the proof by showing 
that the sequence (x) converges to y in E. 
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We say that the Hilbert space E thus defined is the Hilbert sum of the 
sequence of Hilbert spaces (E,). We observe that we can map each of the 
E, into E by associating to each x, € E, the sequence 7,(x,) € E equal to 
Ore OO ene (clternicsOrexcept them th equal to x,); itis readily 
verified that 7, is an csomorphism of E, onto a (necessarily closed) subspace 
E;, of E; j, is called the natural injection of E, into E. From the definition 
of the scalar product in E, it follows that for mn, any vector in E;, 
is orthogonal to any vector in E;,; furthermore, from the definition of the 
norm in E, it follows that for any x = (x,) € E, the series (7,,(%,)) is convergent 


ee and == 2 7 7/x) (observe that the series (7/(%,))\ 1s not absolutely 
n=1 


convergent in general). This proves that the (algebraic) sum of the sub- 
spaces E,, of E (which is obviously direct) is dense in E, in other words 
that the smallest closed vector subspace containing all the E;, is E itself. 
Conversely: 


(6.4.2) Let F be a Hilbert space, (F,) a sequence of closed subspaces such 
that: 1° for m #n, any vector of F,, is orthogonal to any vector of F,,; 2° the 
algebraic sum H of the subspaces F,, 1s dense in F. Then, if E is the Hulbert 
sum of the F,, there is a unique isomorphism of F onto E which on each ¥F,, 
coincides with the natural injgection 7, of F,, into E. 


Let Fi —7,(F,), and let 4, be the mapping of F, onto F,, inverse to 4,. 
Let G be the algebraic sum of the F, in E; that sum being direct, we can 
define a linear mapping / of G into F by the condition that it coincides 
with , on each F’. I claim that # is an isomorphism of G onto the prehilbert 
space H (which, incidentally, will prove that the (algebraic) sum of the F, 
is direct in F); from the definition of the scalar product in E, we have to 
check that 


(2 x| 2 y,)= 2 (F(x) [Ta (Va) 
k=1 k=1 k=1 

for x, € F,, ¥, €F,; but by assumption (x,|y,) = 0 if A 4 &, and the result 
follows from the fact that each 7, is an isomorphism. There is now a unique 
continuous extension f of # which is a linear mapping of G = E intoH = F, 
by (5.5.4); the principle of extension of identities (3.15.2) and the con- 
tinuity of the scalar product show that h is an isomorphism of E onto a 
subspace of F, which, being complete and dense, must be F itself; the 
inverse of h satisfies the conditions of (6.4.2). Its uniqueness follows from 
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the fact that it is completely determined in H and continuous in F (3.15.2). 
Under the conditions of (6.4.2), the Hilbert space F is often identified 
with the Hilbert sum of its subspaces F,,. 


(6.4.3) Remark. We can also prove (6.4.2) by establishing first that the 


sum of the F, is divect; indeed, if 2 x, = 0 with x,eF, (l1<i< xn) we 


i=1 
also have (x,| 2’ x,) = 0 for any 7 <2, and as (x,|x;) = 0 for 14], this 
i=l 

boils down to |{x,||? = 0, hence x, = 0 forl <7 <n. Then we define the 
inverse mapping g of / by the condition that it coincides with 7, on each F,,: 
we at once verify, as above, that g is an isomorphism of H onto G, and 
then (5.5.4) is applied in the same way. We observe that this argument 
still applies when F is a prehilbert space and the F, are complete subspaces 
of F; it proves the existence of an isomorphism of F onto a dense subspace 
of the Hilbert sum E of the F,,, which coincides with 7, on each F,,. 


5. Orthonormal systems 


If (with the notations of (6.4)) we take for each E, a one-dimensional 
space (identified to the field of scalars with the scalar product (é/7) = £7), 
the Hilbert sum yields an example of an infinite dimensional Hilbert 
space E, which is usually written /? (with index R or C to indicate if necessary 
what the scalars are); the space JR (resp. /g) is therefore the space of all 


sequences x = (&,) of real (resp. complex) numbers, such that 2 |é,|? is 
i 


convergent, with the scalar product (x|y) = 2 &7%,. 
n=l 


In /?, let e, be the sequence having all its terms equal to 0 except the 
n-th term equal to 1; we then have (e,,|e,) = 0 for mn, and |le,|| = 1 


for each n, and we have seen in (6.4) that for every x = (&,) in /?, we can 


| 


is @) 
write «= 2 &¢,, the series being convergent in 12. We observe that this 
n=1 


shows the sequence (e,) is éotal in J, hence (5.10.1) /2 is separable. 

Let us now consider an arbitrary prehilbert space F; we say that a 
(finite or infinite) sequence (a,) in F is an orthogonal system if (eee) == 0 
for mn and a, #0 for every 1; we say that (a,) is an orthonormal 
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system if in addition ||a,|| = 1 for each . From any orthogonal system (a,) 
we deduce at once an orthonormal system by “normalizing”’ (4,),1.e. consider- 
ing the sequence of the b, = a,/||a,||. We have just seen an example of 
an orthonormal system in /?; another fundamental example is the following: 


(6.5.1) Let I be the interval [-— 1,1] of R, and let F =@,(I) be the 
vector space of all continuous complex-valued functions defined on I. 
We define on F a scalar product by 


1 


io= | oa jdt 


= 1h 


(the fact that this is a nondegenerate positive hermitian form is readily 
verified). For each positive or negative integer 1, let 

@,,(t) = enn. 
It is readily verified that (p,/V2) is an orthonormal system in F, called 
the trigonometric system. 

Let now (a,) be an arbitrary orthonormal system in a Hilbert space F; 
for each x € F, we say that the number c,(x) = (x]a,) is the n-th coefficient 
(or n-th coordinate) of x with respect to the system (a,) (‘n-th Fourier 
coefficient” of x for the system (6.5.1)). 


(6.5.2) In a Hilbert space F, let (a,) be an orthonormal system, V the closed 
subspace of F generated by the a,. Then, for any x EF: 


a 
1° the series 2X |(x\a,)|® is convergent, and we have 
n=1 


© |(x\a,)|? = ||Py(%)||? < ||#||?,  (Bessel’s inequality) 


w= 1 


00 


wae E (xla,) (y|a,) = (Py(*)|Py(y)); 


n= 


2° the series of general term (x|a,)a, 1s convergent in F and we have 


sual. eRe 


n=l 
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oO 
Conversely, let (A,) be a sequence of scalars such that 2 |A,\? 1s convergent. 
n=1 


Then, there exists a unique vector yeV such that (yla,) = 4, for every n; 
any other vector x € F such that (x|a,) = A, for every n ts such that x = y + 2, 
with z orthogonal to V, and conversely. 


For any x€F, we can write x = P,(x) 4+ 2, with z orthogonal to V 
(6.3.1) and we have therefore (x|a,) = (P,(x)|a,). To prove the theorem, 
we can therefore assume V = F; but then, the one-dimensional subspaces 
I’, generated by the vectors a, satisfy the assumptions of (6.4.2), and the 
results are mere restatements of (6.4.2) for that particular case (taking into 
account the definition of a Hilbert sum). 


The most interesting case is that in which V = F, 1.e., the orthogonal 
system (a,) is total. It is then called an orthonormal basis for F; (e,) is 
such a basis for /?. It will be proved in (7.4.3) that the trigonometric 
system (6.5.1) is total. For a Hilbert space F and a total orthonormal 
system (a,), we can replace everywhere Py by the identity in (6.5.2); the 
relations 


2 lle? = [lh 
z (x|a,) (v]a,) = (ely) 


are then called Parseval’s identities. If follows at once from (6.5.2) that 
these identities represent not only necessary but sufficient conditions for 
(4,) to be a total system in a Hilbert space. 


(6.5.3) In a Hilbert space F, a necessary and sufficient condition for an 
orthogonal system (a,) to be total is that the relations (x|a,) = 0 for every n 
TG Gs ae 


Indeed, by (6.5.2) this means that the relation Py(x) = 0 implies x = 0, 
and this is equivalent to the relation V = F, since Py(x — Po) ao) 


(6.5.4) Remark. Suppose E is a prehilbert space and the orthonormal 
system (a,) in E is total. Then the results 1° and 2° of (6.5.2) are still valid, 


with Py(x) replaced by x; this follows by the same argument as in (6.592) 
using the remark (6.4.3). 
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PROBLEMS 
1) Let E be a Hilbert space with an orthonormal basis (e,),> 1. Let A be the 


us 1 
subset of E consisting of the linear combinations x = ' A, (: - =| ex with Ap > 0 
k=1 


n 
and X A, = 1 (m arbitrary). 
k=1 


re oe 1 
a) Show that the closure A is the set of all the sums of theseries 2 A, ( — 4) en» 


oi n 
ive) 
where A, >> 0, the series 2 4, is convergent and has a sum equal to I. 
7h 


b) Prove that the diameter of A is equal to 2 but that there is no pair of points 
a,b of A such that ||a — b|| = 2 (compare section 6.3, problem 2). 


2) Let E be a Hilbert space with an orthonormal basis (¢y)y>0. Let a, = ean 
1 
ail hy, = Cay, ap er €on11 for every n> 0; let A (resp. B) be the closed vector 
n 


subspace of E generated by the a, (resp. b,). Show that: 
a) An B = {0}, hence thé sum A + B is direct (algebraically). 


b) The direct sum A + B is noé a topological direct sum (consider in that subspace 
the sequence of points b, — a, and apply (5.4.2)). 


c) The subspace A + B of E is dense but not closed in E (show that the point 
ive) 
2 (by, — a,) does not belong to A + B). 
n=0 


3) Show that the Banach space L (l'; 1%) can be identified with the space of double 


ive) 
sequences U = (a%m,) Such that: 1° the series X |a&,|? is convergent for every x: 
m=0 
ioe] ive) 
2° sup £ |anna|* is finite. The norm is then equal to \JU|| = sup ( 2 lemn|2)1/® (same 
nm=0 n m=0 
method as in section 5.7, problem 2 b)). 
fo 6) 
4) a) Let u bea continuous linear mapping of 12 into itself, and let u(e,) = 2 annem: 
m=0 
ice) 00 
show that the series Y |onn|? and 2 |%nn|* are convergent for all values of m and 2, 
n=0 m= 


and that their sums are < ||u||?. (Observe that + — (w(x) |em) is a continuous linear 
form on E and use (6.3.2).) 


ice] 
b) Give an example of a double sequence (nn) such that 2 |e&_,|?<< 1 and 
n=0 
Be . . 
a3, legeele <1 for all values of m and », but such that there is xo continuous linear 
m=0 
mapping u of /? into itself satisfying the relations (u(e,)|e,,) = %mn for all pairs (m,n). 
(If V is a subspace of /* generated by the vectors é,, with x € H, where H is a set of p 
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integers, show that there is a linear mapping u, of V into itself such that 
(Up (En) |@m) = Vp for all indices m,n of the set H, but ||u|| > Ve. 


6. Orthonormalization 


(6.6.1) Let E be a separable prehilbert space, (b,) a total sequence of linearly 
independent vectors in E (see (5.10.1)), and let V,, be the n-dimensional subspace 
of E generated by b,,...,b,. Then if we define c,= 6b, — Py _(0,), (Gets 


a total orthogonal system, such that c,,...,c, generate V,, for each n. 


We use induction on n, assuming that c,...,c,_, is an orthogonal 
system generating V,,_ ,; then, by definition of ity a (6.3.1), c, is orthogonal 
to V,_,, which proves that (c¢,|c) = 0 for 1<i<j<m; moreover, as 
be V8 by assumption, ¢,-— 0, henee ciy..,c, yc mise ammonunecenall 
System, simMOreover, bce = Vj Meneame ec eee nerve mt heme aimie 


subspace as the union of V,,_, and {6,}, i.e. V,. This completes the proof. 


If we normalize the system (c,), by putting a, =c,/||c,||, the system (q,) 
is said to be deduced from (4,) by the orthonormalization process. For 
instance, in the space F =@,(I) considered in (6.5.1), the sequence (¢”) 
is total (as will be proved in (7.4.1)) and obviously consists of linearly 
independent vectors. If we denote by (Q,,) the orthonormal system deduced 
from (¢") by orthonormalization, it is clear that Q,(/) = a,t"-+ ..., pol- 
ynomial of degree » (with a, > 0) with real coefficients; the Q, are (up to 
a constant factor) the Legendre polynomials (see section 8.14, problem 1). 


(6.6.2) Any separable prehilbert space (resp. Hilbert space) is isomorphic 
to a dense subspace of |? (resp. to 1*). 


As there exists in a separable prehilbert space a total orthonormal 
system by (6.6.1), the result follows at once from (6.5.2). 


PROBLEMS 


1) Let E be a separable non complete prehilbert space. Show that there exists 
in E an orthonormal system which is not total, but which is not properly contained 
in any orthonormal system (imbed E as a dense subspace of a Hilbert space, and 
use problem 3 of section 6.3). 

2) Let E be an infinite dimensional separable Hilbert Space, V a closed vector 
subspace of E. Show that if V is infinite dimensional, there exists an isometry of E 


onto V (write E as the direct sum of V and its orthogonal supplement V’, and take 
orthonormal bases in V and V’). 
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3) Let (¥)1 <i<,p be a finite sequence of points in a prehilbert space E. The Gram 
determinant of that sequence is the determinant G(x,,%2,...,%,) = det ((¥;|¥;)). 

a) Show that G(x,,...,%,) => 0 and that G(+,,...,%,) = 0 if and only if the +; 
are linearly dependent. (Consider an orthonormal basis of the subspace generated 
by the #;, and express the x; as linear combinations of that basis). 

b) Suppose the x; are linearly independent, and let V be the #-dimensional 
subspace which they generate. Show that the distance of a point x to V is equal to 


\VGu.z. : ery ..,%,) (find the projection of on V, writing it as a linear 
combination of the +#;). 


Chapter VII 


Spaces of Continuous Functions 


Spaces of continuous functions are second only to Hilbert spaces as 
to their importance in Functional Analysis. Their definition makes it 
possible to give a much more intuitive meaning to the classical notion of 
uniform convergence. The most important results of the Chapter are; 
1° the Stone-Weierstrass approximation theorem (7.3.1), which is a very 
powerful tool for the proof of general results on continuous functions, by 
the device which consists in proving these results first for functions of a 
special type, and then extending them to all continuous functions by a 
density argument; 2° the Ascoli theorem (7.5.7), which lies at the root 
of most proofs of compactness in function spaces, and, together with 
(7.5.6), gives the motivation for the introduction of the concept of 
equicontinuity; the latter plays an even more vital part in the general 
theory of duality mentioned in Chapter V. 

The last section of Chapter VII introduces, as a useful technical tool 
in the development of Calculus, a category of functions which are classically 
described as “‘functions with discontinuities of the first kind’; in an effort 
towards a more concise expression, and to avoid one more use of the 
overworked term “regular”, the author has tentatively introduced the 
neologism “regulated functions” (corresponding to the French ‘‘fonctions 
réglées’”’), which he hopes will not sound too barbaric to English-speaking 
readers. 


1. Spaces of bounded functions 
Let A be any set, F a real (resp. complex) normed space; a mapping 
/ of A into F is bounded if /(A) is bounded in F, or equivalently if sup ||/(é)|| 
teA 


is finite. The set #,(A) of all bounded mappings of A into F is a real 
126 
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(resp. complex) vector space, since ||/(¢) + g(¢)|| < ||/(4|| + |lg(d)||. Moreo- 
ver, on this space, 


(7.1.1) sie \I(2)|| 


is a norm, as can be trivially verified. If F has finite dimension, and 
(4,)) <i<yn is a basis for F such that ||a,|| = 1, any mapping of A into F can 
be written in one and only one way 


Gales) £ KO) = Oia se one SE Le, 


and / is bounded if and only if the scalar mappings /; (l<7 <7) are 
bounded. Moreover the norm of the mapping ¢ — /,(é)a, is ||f,|| + ||@;|| = ||Al| 
(the norm of /, being taken in #p(A), resp. Be(A)). From (5.9.1), (5.4.2) 
and (5.5.1) it follows that there is a constant c such that for each ¢e A, 
l/,(t)| <c- ||#(2)||, hence ||f,|| <c- ||f||. Let L; be the subspace of #p(A) 
consisting of all bounded mappings of the form ¢ — f(t)a,; (f scalar). Then, 
using again (5.4.2) and (5.5.1), the preceding remarks prove that 


(7.1.2) If F has finite dimension, then B,(A) 1s the topological direct sum 
of the L,, each of which is isometric to By(A) (resp. Be(A)). 


In particular, if we consider the real normed vector space underlying 
Z,(A), we see that it is the topological direct sum #p(A) + 1By(A). 


(7.1.3) If F is a Banach space, B,(A) 1s a Banach space. 


Let (/,) be a Cauchy sequence in #,(A); this means that for any e > 0 
there is » such that ||/,, — /,|| << for m >, 1 >. From (7.1.1) it 
follows that for any ¢¢ A we have ||/,,(¢) — /,(4)|| < ¢ for m > 1%, 0 > No, 
hence, as F is complete, the sequence (/,,(¢)) converges to an element g(¢) € F. 
Furthermore we have, by the principle of extension of inequalities, 
n(t) — g(é)|| <e for any te A and all m > mp. From this we first deduce 
that |lg(¢)|| < |I/,,|| + ¢ for all ¢¢ A, hence g is bounded. Moreover we 
have ||/,, — g|| <e for all m > no, and this means the sequence (f,,) converges 


to g in the space #,(A). 


In general, if (/,) is a sequence of mappings of A into a metric space F, 
we say that the sequence (f,) converges simply in A to a mapping g of A 
into F if, for each ¢€A, the sequence (/,(é)) converges in F to g(t); we 
say that (f,) converges uniformly in A to g if the sequence of numbers 


(sup d(f,,(t),g(t))) tends to 0. It is clear that uniform convergence implies 
teA 
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simple convergence; the converse is not true. If F is a normed space, con- 
vergence of a sequence of elements of #,(A) therefore means, by 
definition, uniform convergence of the sequence in A. Similarly, we 
say that a series (u,) which converges in AA) Ome ces MInIinns iS 
uniformly convergent in A to the sum s. If F is a Banach space, it follows 
from (7.1.3) that in order that a series (w,,) in Bp(A) be uniformly convergent, 
a necessary and sufficient condition is that, for any e > 0, there exist 
an integer 7, such that, for » > %, p >0 and anyte A, we have 


lead) + M42 +. +r dll Se. 


From (7.1.3) and (5.3.2) it follows that if F is a Banach space and if a series 
(u,,) of bounded functions is such that the series (||u,|{) converges in R, then 
the series (u,) is uniformly convergent; moreover, for each ¢€A, since 
||u,(t)|| <u,, the series (w,(#)) is absolutely convergent in F. However, 
these two properties do not imply that the series (||v,||) is convergent; to 
avoid misunderstandings, we therefore say that the series (w,) is normally 
convergent in B,(A) if the series (||,,||) converges. We define similarly a 
normally summable family (u,),¢, in Bp(A) (L denumerable, cf. (5.3)). 


PROBLEMS 


1) In the space Mp(R), let uz, be the function equal to l/m for na i<u +1, 
to 0 for other values of 7. Show that the series (w,) is uniformly and commutatively 
convergent (section 5.3, problem 4) and that for every t¢éR, the series (u,(?)) is 
absolutely convergent, but that (u,) is not normally convergent. 


2) Let A be any set; show that the mapping 4 — sup u(t) of A@p(A) into R is 
teA 
continuous. 


3) Let E be a metric space, F a normed space; show that the set of all mappings 
f€ @s(E) whose oscillation (3.14) at every point of E is at most equal to a given 
number « > 0, is closed in the space @p(E). 


2. Spaces of bounded continuous functions 


Let now E be a metric space; we denote by @,(E) the vector space of 
all continuous mappings of E into the normed space F, by @;(E) the set 
of all bounded continuous mappings of E into F. We note that if Eis compact, 
@= (E) =@,(E) by (3.17.10). In general we have @7(E) = @,(E) N &,(E). 
We will consider @; (E) as a normed subspace of #,(E), unless the contrary 
is explicitly stated. If F is finite dimensional, in the decomposition (7.1.2.1) 


2. SPACES OF BOUNDED CONTINUOUS FUNCTIONS 129 


f is continuous if and only if each of the /; is continuous (see (3.20.4) and 
(5.4.2)). The remarks preceding (7.1.2) then show that in such a case, 
@ = (E) is a topological direct sum of a finite number of subspaces, each of 
which is isometric to@R(E) (resp. @@(E)). In particular, the real normed 
space underlying @@(E) is the topological direct sum @R(E) + 7@R (E). 


(7.2.1) The subspace @F (E) ts closed in B,(E); in other words, a uniform 
limit of bounded continuous functions 1s continuous. 


Indeed, let (7,) be a sequence of bounded continuous mappings of E 
into F, which converges to gin &,(E); for any e > 0, there is therefore an 
integer m, such that ||/, — g|| < ¢/3 for nm > my. For any 4, €E, let V bea 
neighborhood of fy such that ||f,,(é) — 7,,(¢o)|| < e/8 for any ¢¢ V. Then, as 
\7,,(4) — e(é)!| < e/38 for any te E, we have g(t) — g(to)|| <e for any 
t€ V, which proves the continuity of g. 


Well-known examples (e.g. the functions x > x” in [0,1]) show that a 
limit of a simply convergent sequence of continuous functions needs not 
be continuous. On the other hand, examples are easily given of sequences 
of continuous functions which converge non-uniformly to a continuous 
function (see problem 2). However (see also (7.5.6)): 


(7.2.2) (Dini’s theorem). Let E be a compact metric space. If an increasing 
(resp. decreasing) sequence (f,) of real-valued continuous functions converges 
simply to a continuous function g, tt converges uniformly to g. 


Suppose the sequence is increasing. For each e > 0 and each te E, 
there is an index n(é) such that for m > n/(t), g(t) — f(t) <e/3. As g and 
fe) are continuous, there is a neighborhood V(é) of ¢ such that the relation 
t’e V(t) implies |g(t) — g(t’)| <e/3 and |fyy(t) — fay (t’)| < 4/3; hence, 
for any ¢’ € V(t) we have g(t’) — fyw(t’) <e. Take now a finite number 
of points ¢; in E such that the V(¢,) cover E, and let 1 be the largest of 
the integers (¢). Then for any ¢€E, ¢ belongs to one of the V(é,), hence, 
for n > mo, g(t) — f,() < g(t) — fal) < 8) — fy) Se Ged. 


PROBLEMS 


1) Let E be a metric space, F a normed space, (u,) a sequence of bounded contin- 
uous Mappings of E into F which converges simply in E toa bounded function v. 

a) In order that v be continuous at a point *,¢E, it is necessary and sufficient 
that for any e > 0 and any integer m, there exist a neighborhood V of % and an index 
nm > m such that ||v(¥) — upn(*)|| << e for every xe V. 
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b) Suppose in addition E is compact. Then, in order that v be continuous in E, 
it is necessary and sufficient that for any ¢ > 0 and any integer m, there exist a finite 
number of indices ”;> m such that, for every +e E, there is at least one index 7 
for which ||v(*) — Un, (*)|| <e (use a) and the Borel-Lebesgue axiom). 


2) For any integer » > 0, let g, be the continuous function defined in R by the 
conditions that g,(t) = 0 for #<.0 and ¢> 2/n, g,(1/n) = 1, and g,(t) has the form 
ai + £ (with suitable constants «,@) in each of the intervals [0O,1/n] and [1/2,2/n]. 
The sequence (g,) converges simply to 0 in R, but the convergence is not uniform 
in any interval containing ¢ = 0. 

Let m—>r» be a bijection of N onto the set Q of rational numbers, and let 

oO 


frlt) = 2 2-"g,(¢ — %m). The functions /, are continuous (7.2.1), amd the sequence 
m=0 


(f,) converges simply to 0 in R, but the convergence is not uniform in any interval of R. 
3) Let I be a compact interval of R, and (f,,) a sequence of monotone real func- 


tions defined in I, which converge simply in I to a continuous function /. Show that f 
is monotone, and that the sequence (f,) converges uniformly to / in I. 


4) Let E be a metric space, F a Banach space, A a dense subset of E. Let (fy) 
be a sequence of bounded continuous mappings of E into F such that the restrictions 
of the functions f, to A form a uniformly convergent sequence; show that (f,) 1s 
uniformly convergent in E. 

5) Let E be a metric space, F a normed space. Show that the mapping (7,4) > u(+) 
of E x @f (E) into F is continuous. 

6) Let E,E’ be two metric spaces, F a normed space. For each mapping / of 
E x E’ into F and each ye E’, let f, be the mapping * > /(#,y) of E into F. 

a) Show that if f is bounded, if each f/, is continuous in E and if the mapping 
y — fy of E’ into €¢ (E) is continuous, then f is continuous. Prove the converse if 
in addition E is compact (use problem 3 a) in section 3.20). 

b) Take E = E’= F=R, and let f(%,y) = sin xy, which is continuous and 
bounded in E x E’; show that the mapping y — /, of E’ into ae (E) is not contin- 


uous at any point of E’. 


c) Suppose both E and E’ are compact, and for any fe @p(E x E’), let } be the 

mapping y > f, of E’ into @p(E); show that the mapping f > } is a linear isometry 
f E f %. 
of @p(E x E’) onto Ce ny E) 


7) Let E be a metric space, F a normed space. For each bounded continuous 
mapping f of E into F, let G(f) be the graph of f in the space E x F. 
a) Show that f > G(f) is a uniformly continuous injective mapping of the normed 


space Gee) into the space %}(E x F) of closed sets in E x F, which is made into 
a metric space by the Hausdorff distance (see section 3.16, problem 3). Let J’ be the 


image of @p (E) by the mapping f > G(f). 


b) Show that if E is compact, the inverse mapping G—1 of I’ onto @p (E) is 
continuous (give an indirect proof). 


c) Show that if E = [0,1] and F = R, G7—} is not uniformly continuous. 
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8) Let E be a metric space with a bounded distance d. For each ¥€ E let d, be 
the bounded continuous mapping y > d(#,y) of E into R. Show that ¥ > d, is an 


isometry of E onto a subspace of the Banach space €R (E). 
3. The Stone-Weierstrass approximation theorem 


For any metric space E, the vector space Ga) (resp. Ge (E)) is an 
algebra over the real (resp. complex) field; from (7.1.1) it follows that we 
have in that algebra ||/g|| < ||/||- ||g||,. hence, by (5.5.1), the bilinear 
mapping (f,g) fg is continuous. From that remark, it easily follows 
that for any subalgebra A of @g(E) (resp. @ (E)), the closure A of A in 
Ge (E) (resp. €¢ (E)) is again a subalgebra (see the proof of (5.4.1)). 

We say that a subset A of @p(E) (resp. #p(E)) separates points of E if 
for any pair of distinct points x,y in E, there is a function f€ A such that 


f(x) f(y). 


(7.3.1) (Stone-Weierstrass theorem). Let E be a compact metric space. 
If a subalgebra A of @p(E) contains the constant functions and separates 
points of E, A ts dense in the Banach space @p(E). 


In other words, if S is a subset of @y(E) which separates points, for any 
continuous real-valued function f on E, there is a sequence (g,) of functions 
converging uniformly to f, such that each g, can be expressed as a polynomial 
in the functions of S, with real coefficients. 

The proof is divided in several steps. 


(7.3.1.1) There exists a sequence of real polynomials (u,,) which in the 


interval [0,1] 1s increasing and converges uniformly to Vi. 
Define u, by induction, taking #, = 0, and putting 


G3 A.2) Un it) = Un(t) + ES (t — un?(t)) for (ee Me 


We prove by induction that u,,, >, and u,(f) < Ve im (Oli) Prom 
(7.3.1.2), we see the first result follows from the second. On the other hand 


YF — ua sal) = VF— mal) — 5 U 2) 


= (/7— mtoy (1 F/T + ate) 
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and from 1,, <i we deduce 3( (Ve + 4u, ae Sl, lor each ve [Uhl 
the oe a is thus increasing ee conocer hence converges to 
a limit v(¢) (4.2.1); but (7.3.1.2) yields ¢— v?(t) = 0 and as v(t) 2 0, 
— Ve As v is continuous and the sequence (u,) is increasing, Dini’s 
theorem (7.2.2) proves that (u,) converges uniformly to »v. 


(7.3.1.3) For any function fe A, |f| belongs to the closure A of A in@p(E). 


Let a= ||f||. By (7.3.1.1), the sequence of functions ,(/?/a?), which 
belong to A (by definition of an algebra), converges uniformly to 


Va? = |f\/a in E. 


(7.3.1.4) For any pair of functions fg in A, inf (f,g) and sup (f,g) belong 
to A, 

For we can write sup (fg) = #f+g+|f—el) and inf (/,g) = 
lif +g—|f—gl); the result therefore follows from (7.3.1.3) applied to 
the algebra A. 


(7.3.1.5) For any pair of distinct points x,y in E and any pair of real 
numbers «,f, there is a function f eA such that f(x) = a, f(y) = 


By assumption, there is a function g€A such that g(x) #g(y). As A 
contains the constant functions, take f= «+ (6 — «)(g — y)/(6 — y), 


where y = g(x), 6 = g(y). 


(7.3.1.6) For any function fE@R(E), any point xe FE, and any e>0, 
there is a function g€A such that g(x) = f(x) and g(y) <fly) + for any 
Wie 18) 


For any point z¢ E, let 4, be a function of A such that h,(x) = f(x) and 
h,{z) < f(z) + e/2; the existence of such a function is obvious for z = x and 
follows from (7.3.1.5) for zx. There exists a neighborhood V(z) of z 
such that for y € V(z), 4,(yv) < f(y) + ¢, due to the continuity of / and ,. 
Cover E with a finite number of neighborhoods V(z,). Then, by (7.3.1.4), 
Pe sinetione = — aint (h,,) belongs to A and satisfies the required conditions, 


since every y € E belongs to some V{z;,). 
(edo) A =D). 


Let / be any function of @g(E); for any e > 0 and for each x cE, let 


g,€A be such that g,(x) = f(x) and g,(y)<fy) +e for all yeE 
(7.3.1.6). Then, there is a neighborhood U(x) of x such that, for y € U(x), 
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g.(y) = Hy) — «, due to the continuity of f and g,. Cover E with a finite 
number of neighborhoods U(x,). Then, by (7.3.1.4), the function g = sup (g,.) 


belongs to A and is such that, for any ye E, f(y) —-e< w(y) <f(y) +e 
(since every y€E belongs to some U(x,)); in other words ||f — g|| <e, 
and this shows that f belongs to the closure of A, i.e. to A itself. 


The corresponding theorem for @¢(E) is false (see chapter IX); there is 
only the weaker result: 


(7.3.2) Let E be a compact metric space. If a subalgebra A of 6¢(E) contains 
the constant functions, separates points of E and is such that for each fe A, 


the conjugate function } also belongs to A, then A ts dense in @¢(E). 


We remark that for any fe A, Af = 4(f + f) and Zf = (f — f)/22 also 
belong to A; hence, if Ay is the (real) subalgebra of A consisting of real- 
valued functions, it follows at once from the definition that Ay separates 
points of E and contains the (real) constant functions. Therefore Ag is 
dense in @,(E), and the density of A in @,(E) = @p(E) + 1@p(E) follows 
Ae WWE, GUTSe hy Se ely 


4. Applications 


In the Stone-Weierstrass theorem, take for E any compact subset 
of R”, and for A the algebra of the restrictions to E of the polynomials in 
the » coordinates. The separation condition is satisfied, since for two 
distinct points of E, at least one of the coordinates has distinct values. 
Hence we have the original Weierstrass approximation theorem: 


(7.4.1) Any real-valued continuous function on a compact subset E of R" 
is the limit of a sequence of polynomials which converges untformly in E. 


Take now for E the unit circle x? + y? = 1 in R?, parametrized by the 
angle zt, so that continuous functions on E can be identified with contin- 
uous functions on R having the period 2 (see chapter IX). Take for A the 
(complex) algebra generated by the constants and the functions e™” and 
et. it is immediate that the elements of A are the trigonometric polynomials 

N 


S ce". As the function e* separates the points of E, all the condi- 
n=—N 


tions of (7.3.2) are satisfied, hence: 
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(7.4.2) Any continuous complex-valued function on R, which ts perrodic 
of period 2, ts the limit of a sequence of trigonometric polynomials, which 
converges umformly in R.. 


This last result enables us to give a proof of the following fact, which 
was announced in (6.5): 


(7.4.3) The trigonometric system is total in the prehilbert space F = @¢(1) 
(as defined in (6.5.1); note that here we do not put on @,(I) the norm 
(led) 


Indeed, for any function /é€@ (I) and any integer » > 0, let g be the 


function equal to / for — 1+ 1/a <t< 1, equal to /(1) for ¢ = — 1, and 
linear between — 1 and — 1 + 1/n; then /(é) — g(t) = Oift > —1+41)/n, 
and |/(¢) — g(¢)| <4||/||,, for the other values of ¢ (we write ||..||,, for the 


norm defined by (7.1.1) and ||..||, for the prehilbert norm). Therefore, 
we have 


lf — el = | 0) — ett) 2ae < 16||/|[2,/n: 


in other words, ||f — g||, is arbitrarily small. As g is continuous and can 
be extended by periodicity since g(1) = g(— 1), there is by (7.4.2), a trig- 
onometric polynomial / such that ||g — All, < V2ilg —Al|,,. is arbitrarily 
small, and this ends the proof. 


(7.4.4) Ij E ts a compact metric space, the spaces @p(E) and €,(E) are 
separable. 


As @((E) is the topological direct sum of @g(E) and 1@,(E), we need 
only give the proof for @g(E). Let (U,) be a denumerable basis for the 
topology of E (3.16.2), and let g,(¢) = d(t,E — U,). The monomials gi... g%» 
in the g, also form a denumerable set (/,) (by (1.9.3) and (1.9.4)), and the 
vector space A generated by the h, is the subalgebra of @_(E) generated 
by the g,. If we prove that A is dense in @,(E), our proof will be complete 
(5.10.1); but we only have to apply the Stone-Weierstrass theorem, and 
therefore check that the family (g,) separates points of E. But if «4 4, 
there is a U, such that xeU,, y¢U,, hence by definition g,(x) 40, 
&.(y) =9, qed. 
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PROBLEMS 


1) Let E,F be two compact metric spaces, / a continuous mapping of E x F 
into R. Show that for any e > 0 there exists a finite system (u;)] <j<, of continuous 
mappings of E into Rand a finite system (v,)) <j <, of continuous mappings of F into R 

n 
H(a,y) — 2X uj(x)v;(y)| <e. (Apply the Stone- 
a 
Weierstrass theorem to the algebra generated by the continuous mappings (%,y) —> u(*) 
and (x,y) > u(y), where ue @R(E) and ve @R(F)). 

2) Let n — +, be a bijection of N onto the set of rational numbers in the interval 
[0,1] =I. Define by induction a sequence (I,) of closed intervals contained in I, 
such that: 1° the center of I, is Yh? where &,, is the smallest index ~ such that rp is not 


such that, for any (%,y)eE x F, 


in the union of the intervals I, with h <n; 2° the length of I, is < 1/4”, and I, 
does not meet any of the I, with h < n. In the product space I x R, define a bounded 
real continuous function uw having the following properties: 1° for each integer » > 0, 
x —> u(x,n) takes the value 1 for ¥ = Vheg? is equal to 0 for x@1,, and 0< u(x,n) <1 
for all x €1; 2° for each x EI, the function y > u(x,y) has the form «y + 6 in each 
of the intervals ]— 0,0] and [v,n + 1] (né€N). Show that there is no finite system 


n 
of functions v;€ @p(1), wv, € @R(R) (1 <i <n) such that |u(x,y) — 2 v;(%)w;(y)|< 1/4 
o= il 
in I x R. (Suppose the contrary; consider the functions u,: ¥ —> u(¥,n) in Er(D), 
and observe that ||w,|| = 1, ||u, — «|| = 1 for mn. If there existed a finite 
dimensional subspace E of @R(I) such that d(u,,E) << 1/4 for each , there would 
exist in E an infinite sequence (h,) such that ||h,|| = 2 and ||h, — h,,|| > 1/2 for 
mn, contradicting (5.10.1).) 
3) Let E be the interval [0,1] in R. 
a) Show that if a, (1 << k < n) aren distinct points of E, the functions x -> |¥ — a,| 
are linearly independent in @R(E). 
b) Deduce from a) that the function (¥,y) > |¥ — y| in E x E cannot be written 
n 
as a finite sum J v;(x)w;(y), where v; and w; are continuous in E. 
t=1 
4) Show that the Banach space Er (R) is not separable. (Use a similar method 
as the one applied in the problem of section 5.10.) 


5. Equicontinuous sets 


Let H be a subset of the space #,(E) (E metric space, F normed space) ; 
we say that H is equicontinuous at a point x) € E if, for any ¢ > 0, there is a 
6>0 such that the relation d(x,,x) <6 implies ||/(x) — f(x9)|| << for 
every {EH (the important thing here being that 6 is independent of {). 
We say that H is equicontinuous if it is equicontinuous at every point 
of FE. 
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Examples. (7.5.1) Suppose there exist two constants ¢,a > 0 such that 
I(x) — Hy) |]| < e+ (d(x,y))* for any f € H, and any pair of points x,y of E; 
then H is equicontinuous. 


(7.5.2) Any finite set of functions which are continuous at a point % 
(resp. in E) is equicontinuous at x9 (resp. equicontinuous). More generally 
any finite union of sets of functions which are equicontinuous at %» (resp. 
equicontinuous) is equicontinuous at %» (resp. equicontinuous). 


(7.5.3) Let (f,,) be a sequence of functions im B,(E) which converges simply 
to a function g and is equicontinuous at X» (resp. equicontinuous). Then g 
is continuous at xX» (resp. continuous). 


Indeed, suppose ||/,(%) — /,(*)||<e for any x such that d(x,%) < ) 
and any ; then, by the principle of extension of inequalities, we have 
\le(*) — g(%9)|| << for any x such that d(x,%») < 0, q.e.d. 


(7.5.4) In the space @g(E), the closure of any equicontinuous subset 1s 
equicontinuous. 


This follows at once from (3.13.13) and from the proof of (7.5.3). 


(7.5.5) Suppose F is a Banach space, (f,) an equicontinuous sequence in 
2 (E), and that for any point x of a dense subset D of E, the sequence (},,(%)) 
is convergent in F. Then the sequence (f,,) converges simply to a (continuous) 
limit g. 


As F is complete, we have to prove that for each xeE, (f,(x)) is a 
Cauchy sequence in F. Now for any ¢ > 0, there is a 6 > 0 such that the 
relation d(x,y) < 6 implies ||f,(x) — 7,(y)|| </3 for every m. On the other 
hand, there exists y € D such that d(x,y) <6, and by assumption, there 
is an m) such that |\/,,(y) — #,(y)|| <e/3 for m >, 2 >. It follows 
(at torn = 7, = tye ns) =f) | etedre cle 


(7.5.6) Suppose E 1s a compact metric space, (f,) an equicontinuous sequence 
in @,(E)\. If (f,) converges simply to gin E, tt converges uniformly to gin E. 


Given e > 0, for each x € E there is a neighborhood V(x) such that the 
relation y € V(x) implies ||f,(«) — f,,(¥)|| <e/3 for every n. Cover E by 
a finite number of neighborhoods V(%;); there exists an m) such that for 
n > mM, we have ||g(x;) — f,,(x;)|| < ¢/3 for all the indices 7. But for any 
x €E, x belongs to one of the V(x,), hence we have ||/,(x) — /,(x,)|| < e/3 
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for all ~, and letting m tend to + ov, this yields ||g(x) — g(x,)|| < ¢/3. 
Hence we have ||g(x) — 7,(x)|| < e for any » > ny and every x EE, q.e.d. 


(7.5.7) (Ascoli’s theorem). Suppose F is a Banach space and E a compact 
metric space. In order that a subset H of the Banach space ©,(E) be relatively 
compact, necessary and sufficient conditions are that H be equicontinuous 
and that, for each x € E, the set H(x) of all f(x) such that f € H be relatively 
compact in F. 


a) Necessity. If H is relatively compact for every ¢ > 0, there exists 
a finite number of functions /;é€ H such that for every / eH, there is an 
index 7 such that ||f — /,|| < e/3 (3.17.5). From this it follows first that 
for every x € E we have ||/(x) — /,(x)|| < e/3, and as F is complete, this 
shows by (3.17.5) that H{) is relatively compact. On the other hand, let V 
be a neighborhood of x such that y € V implies ||f,(v) — /,(x)|| < e/3 for 
every index 7; then, for any /EH, y € V implies ||/(y) — /(x)|| < e, which 
proves H is equicontinuous. 


b) Sufficiency. As @,(E) is complete by (7.1.3) and (7.2.1), we need 
only prove H is precompact (3.17.5). Given any e > 0, for each x EE, let 
V(x) be a neighborhood of x such that y € V(x) implies ||/(y) — /(x)|| < ¢/4 
for every {€H. Cover E with a finite number of neighborhoods V(x,) 
(1 <i<m). On the other hand each of the sets H(x;) is relatively compact 
in F by assumption; so is therefore their union K; let (¢),;<;<, bea 
finite subset of K such that every point of K is in a ball of center one of 
the c, and radius ¢/4. Let now @ be the (finite) set of all mappings 1 > ot) 
of [l,m] into [1,n] (intervals in N); for each pe®, denote by L, the set 
of all functions f€H such that, for every index z in [l,m], we have 
I/(%,) — Couy|| < e/4. Some of the L, may be empty, but from the defini- 
tion of the c, it follows that H is covered by the union of the L,. To end 
the proof we need only show that the diameter of each L, is <e. Now 
if /,g are both in L,, for each y € E there is an 7 such that y € V(x,), hence 
IIH) — Hdl] < e/4 and [le(y) — glx) || < ¢/4; as ||/e) — gx)|] < ¢/2 by 
definition, we have ||/(y) — g(y)||<e for every yeE, ice. ||f — g|| <e, 
Gee.cl. 


PROBLEMS 


1) Let E be a metric space, F a normed space, H a bounded subset of 6p (E). 
For each x € E, let ¥ be the mapping u — u(#) of H into F, which is continuous and 
bounded. Show that in order that H be equicontinuous at %, it is necessary and 


sufficient that the mapping * — % of E into Or (H) be continuous at 4%». 
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2) Let E be a metric space, F a normed space, (fn) an equicontinuous sequence 


in @p (E). Show that the set of points xe E, such that (f,(%)) is a Cauchy sequence 
in F, is closed in E. 
3) Let E be the interval [0, + o[ in R, and for any %, let 


in(t) = sin |/t + 4n2a? 
in E. Show that the sequence (f,) is equicontinuous in E and converges simply to 0 


in E, but that it is not relatively compact in the space €nr (E) (show that if it were, 
it would converge uniformly to 0). 
4) Let E be a metric space, F a normed space, (fn) a sequence of functions in 


6 p(B), which is equicontinuous at a point ae E. Show that if the sequence (fn(@)) 


is convergent to b¢ F, then for any sequence (%,) in E such that lim #, =a, the 
nh—> 


sequence (f,(%,)) converges to 6 in F. 

5) Let E be a metric space, F a normed space. We say that a subset H of €p (E) 
is uniformly equicontinuous if for any e > 0, there is a 6 > 0 such that the relation 
d(x,y) < 6 implies ||f(x) — f(y)|| << ¢ for every f¢ H. Any function / € H is uniformly 
continuous; conversely a finite set of uniformly continuous functions is uniformly 
equicontinuous. Show that for a bounded subset H of ie (E), the following properties 
are equivalent: 


«) H is uniformly equicontinuous. 


8) The mapping *—> ¥ of E into 6p (H) (problem 1) is uniformly continuous. 

y) The mapping (u,x) > u(x) of H x E into F (H being considered as a subspace 
of @p (E)) is uniformly continuous. 

6) Let E be a metric space, F a normed space, H a uniformly equicontinuous 
subset of ae (E) (problem 5); show that the closure of H in @¢ (E) is uniformly 
equicontinuous. 

7) Let E be a compact metric space, F a normed space. Show that any equi- 
continuous subset of @p(E) is uniformly equicontinuous. 

8) Let E be a compact metric space, F a Banach space. Show that if a subset H 
of @(E) is relatively compact, the union of all the sets H(x), where » € E, is relatively 
compact in F (use problem 5 of section 7.2). 

9) Show that the conclusion of Ascoli’s theorem (7.5.7) is still valid if instead 
of supposing H(x) relatively compact in F for every xe E, one only supposes H(z) 
relatively compact for all + € D, where D is a dense subset of E. 

10) Let E be a metric space, H an equicontinuous subset of €x(E). Show that 
the set A of points x e E such that H(%) is bounded in R is both open and closed in E. 
If E is compact and connected and if for one point %,¢ E, H(#%,) is bounded in R, 
then H is relatively compact in @R(E). 


11) Let E be a metric space, H an equicontinuous subset of Cnr (E). For each 
x EE, let v(x) = sup f(x), w(x) = inf f(x); show that if v (resp. w) is finite at 


feH feH 
one point * 9, 1t is finite and continuous in a neighborhood of x); if v(%) = + 0 
(resp. w(%) = — oo) then v(x) = +4 09 (resp. w(7) = — oo) in a neighborhood of 4%). 


Conclude that the set of points  € E for which u(x) (resp. w(x)) is finite is both open 
and closed in E. 
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6. Regulated functions 


Let I be an interval in R, of origin a and extremity 0 (a or 6 or both 
may be infinite), F a Banach space. We say that a mapping / of I into F 
is a step-function if there is an increasing finite sequence (%,)y<;<, of 
points of I (closure of I in R) such that x) = a, x, = 6, and that / is constant 
i Gael @e Une wp wanes ase (ec) 7) aly 

For any mapping / of I into F and any point x eI distinct from 6, we 


say that f has a limit on the rightif lim (x) exists; we then write 


vel.y>x 
Wags 


the limit /(x-+). Similarly we define for each point x eI distinct from a, 
the limit on the left of f at x, which we write f(x—); we also say these 
limits are one-sided limits of /. A mapping / of I into F is called a regulated 
function if it has one-sided limits at every point of I. It is clear that any 
step-function is regulated. 


(7.6.1) In order that a mapping f of a compact interval | = [a,b] into F be 
regulated, a necessary and sufficient condition is that f be the limit of a 
uniformly convergent sequence of step-functions. 


a) Necessity. For every integer n, and every x eI, there is an open 
interval V(x) = ]y(x),2(x)[ containing x, such that ||/(s) — /(4|| < 1/n if 
either both s,f are in Jy(x),x[MI or both in ]x,2(x)[MI. Cover I with a 
finite number of intervals V(x,), and let (¢)y<;<m be the strictly increasing 
sequence consisting of the points a,b,x;,y(x,;) and 2(x,). As each ¢; is in some 
V(x;), ¢4, is either in the same V(x;) or we have ¢,, = 2(%,), for 
j <m—1; in other words if s,f are both in the same interval ]¢.¢; 4.4L, 
then ||f(s) — f(2)|| <1/n. Now define g, as the step-function equal to fat 
the points c,, and at the midpoint of each interval Jc;,c;,,[, and constant 
in each of these intervals. It is clear that ||f — g,|| < 1/n. 


b) Sufficiency. Suppose f is the uniform limit of a sequence Gap wit 
step-functions. For each ¢>0 there is an such that lf — f|| S e/8; 
now for each x €I, there is an interval Jc,d[ containing « and such that 
\\f,(s) — fy (é)|| <e/8 if both s and ¢ are in Jc,x[ or both tiny [eagle lnvetarse 
under the same assumption we have ||f(s) — /(é)|| < e, and this proves the 
existence of one-sided limits of f at x, since F is complete (2514°6). 


Another way of formulating (7.6.1) is to say that the set of regulated 
functions is closed in @,(E), and that the set of step-functions is dense in 
the set of regulated functions. 
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(7.6.2) Any continuous mapping of an interval ICR into a Banach space 
is regulated; so 1s any monotone mapping of I into R. 


This follows from the definition, taking into account (3.16.5) and (4.2.1). 


PROBLEMS 


I) Let f be a regulated mapping of an interval Ic R into a Banach space F. Show 
that for each compact subset H of I, f(H) is relatively compact in F; give an example 
showing that {(H) need not be closed in F. 

2) The function f(*) = # sin (1/4) (f(0) = 0) is continuous, hence regulated 
in I = [0,1], and the function g(*) = sgn # (g(¥) = I if x > 0, g(0) = 0, g(x) = — 1 
if x < 0) is regulated in R, but the composed function gef is not regulated in I. 

3) Let I = [a,b] be a compact interval in R. <A function of bounded variation 
in I is a mapping f of I into a Banach space F, having the following property: there 
is a number V > 0 such that, for any strictly increasing finite sequence (tj)o<i<n 

n—1 


of points of I, the inequality 2 ||f(tj11) — f(t)|| < V holds. 


1=0 
a) Show that /(I) is relatively compact in F (prove that /(1) is precompact, by 
an indirect proof). 
b) Show that f is a regulated function in I (use a) and (3.16.4)). 
c) The function g defined in [0,1] as equal to #? sin (1/*®) for * 0 and to 0 for 
x = 0, is not of bounded variation, although it has a derivative at each point of I. 


Chapter VIII 


Differential Calculus 


The subject matter of this Chapter is nothing else but the elementary 
theorems of Calculus, which however are presented in a way which will 
probably be new to most students. That presentation, which throughout 
adheres strictly to our general ‘“‘geometric’’ outlook on Analysis, aims at 
keeping as close as possible to the fundamental idea of Calculus, namely the 
“local” approximation of functions by linear functions. In the classical 
teaching of Calculus, this idea is immediately obscured by the accidental 
fact that, on a one-dimensional vector space, there is a one-to-one cor- 
respondence between linear forms and numbers, and therefore the deriv- 
ative at a point is defined as a number instead of a linear form. This slavish 
subservience to the shibboleth of numerical interpretation at any cost 
becomes much worse when dealing with functions of several variables: 
one thus arrives, for instance, at the classical formula (8.9.2) giving the 
partial derivatives of a composite function, which has lost any trace of 
intuitive meaning, whereas the natural statement of the theorem is of 
course that the (total) derivative of a composite function is the composite 
of their derivatives (8.2.1), a very sensibie formulation when one thinks in 


terms of linear approximations. 


This “intrinsic” formulation of Calculus, due to its greater ‘‘abstrac- 
tion”, and in particular to the fact that again and again, one has to leave 
the initial spaces and to climb higher and higher to new “‘function spaces” 
(especially when dealing with the theory of higher derivatives), certainly 
requires some mental effort, contrasting with the comfortable routine of 
the classical formulas. But we believe that the result is well worth the 
labor, as it will prepare the student to the still more general idea of 
Calculus on a differentiable manifold; the reader who wants to have a 
glimpse of that theory and of the questions to which it leads can look into 
the books of Chevalley [9] and de Rham [12]. Of course, he will observe 
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that in these applications, all the vector spaces which intervene have 
finite dimension; if that gives him an additional feeling of security, he 
may of course add that assumption to all the theorems of this chapter. 
But he will inevitably realize that this does not make the proofs shorter 
or simpler by a single line; in other words, the hypothesis of finite dimen- 
sion is entirely irrelevant to the material developed below; we have 
therefore thought it best to dispense with it altogether, although the 
applications of Calculus which deal with the finite dimensional case still 
by far exceed the others in number and in importance. 


After the formal rules of Calculus have been derived (sections 8.1 to 8.4), 
the other sections of the Chapter are various applications of what is probably 
the most useful theorem in Analysis, the mean value theorem, proved 
in section 8.5. The reader will observe that the formulation of that theorem, 
which is of course given for vector valued functions, differs in appearance 
from the classical mean value theorem (for real valued functions), which 
one usually writes as an equality /(b) — f(a) = f'(c)(o — a). The trouble 
with that classical formulation is that: 1° there is nothing similar to it 
as soon as / has vector values; 2° it completely conceals the fact that 
nothing is known on the number c, except that it lies between a and 8, 
and for most purposes, all one needs to know is that /’(c) is a number which 
lies between the g.l.b. and l.u.b. of /’ in the interval [@,0] (and not the fact 
that it actually is a value of /’). In other words, the real nature of the mean 
value theorem is exhibited by writing it as an inequality, and not as an 
equality. 

Finally, the reader will probably observe the conspicuous absence of 
a time-honored topic in Calculus courses, the “Riemann integral”. It 
may well be suspected that, had it not been for its prestigious name, this 
would have been dropped long ago, for (with due reverence to Riemann’s 
genius) it is certainly quite clear to any working mathematician that 
nowadays such a “‘theory’’ has at best the importance of a mildly in- 
teresting exercise in the general theory of measure and integration. Only 
the stubborn conservatism of academic tradition could freeze it into a 
regular part of the curriculum, long after it had outlived its historical 
importance. Of course, it is perfectly feasible to limit the integration 
process to a category of functions which is large enough for all purposes 
of elementary Analysis (at the level of this course), but close enough to 
the continuous functions to dispense with any consideration drawn from 
measure theory; this is what we have done by defining only the integral 
of regulated functions (sometimes called the “Cauchy integral’). When 
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one needs a more powerful tool, there is no point in stopping halfway, and 
the general theory of (“Lebesgue’’) integration is the only sensible answer. 


1, Derivative of a continuous mapping 


Let E, F be Banach spaces (both real or both complex) and A an open 
subset of E. Let /, g be two mappings of A into F; we say that f and g are 
tangent at a point xeA if lim ||f(x) — g(x)||/\|* — x9|] = 0; this 


X—> Xq, XH Ny 

implies of course that /(%9) = g(%9). We note that this definition only 
depends on the topologies of E and F; for if /, g are tangent for the given 
norms on E and F, they are still tangent for equivalent norms (5.6). If /,g 
are tangent at x», and g,h tangent at %, then /,/ are tangent at %o, as follows 
from the inequality ||f(x) — A(x)|| < ||f(*) — g(x)]| + |lg(*) — A(x)||. 

Among all functions tangent at %) to a function /, there is at most one 
mapping of the form x — /(%9) 4+- u(x — x9) where u is linear. For if two 
such functions x — f(x) + %1(% — %9), ¥ > f(%) + u(x — xp) are tangent at %9, 
this means, for the linear mapping v=“,— 4, that lim ||v(y)||/||9|| =. 

y—0, #9 

But this implies v = 0, for if, given e > 0, there is 7 > 0 such that ||y|| <7 
implies ||v(y)|| < e||y||, then this last inequality is still valid for any x 4 0, 
by applying it to y = rx/||x||; as e is arbitrary, we see that v(x) = 0 for 


any %. 

We say that a continuous mapping / of A into F is differentiable 
at the point x) ¢A if there is a linear mapping « of E into F such that 
x — f(%)) + u(x — %9) is tangent to / at %). We have just seen that this 
mapping is then unique; it is called the derivative (or total derivative) of f 
at the point %), and written /’(%9) or Df(%9). 


(8.1.1) If the continuous mapping f of A into F ts differentiable at the point 
%9, the derivative f'(%») ts a continuous linear mapping of E into F. 


Wet) (x, eeGiven 6 >), there 1s 7 such that 0 =< 7 = land that 
\|¢|| <r implies ||/(% 9+ ¢) —f(%9) || <e/2 and ||/(xp+ 4) — f(%») — u(é)||<el|é]|/2; 
hence ||t|| < 7 implies ||z(t)|| < e, which proves # is continuous by (5.5.1). 


The derivative (when it exists) of a continuous mapping / of A into F, 
at a point x,¢A, is thus an element of the Banach space £(E; F) (see (5.7)) 
and not of F. In what follows, for we Y(E;F) and te E, we will write 
u-t instead of u(t); we recall (5.7) that ||«-¢|| < ||z||- ||é|| and that 


[lz] = sup [fe él]. 
Tes 
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When E has finite dimension » and F has finite dimension m, f'(%9) 
can thus be identified to a matrix with m rows and » columns; this matrix 
will be determined in (8.10). 


Examples. (8.1.2) A constant function is differentiable at every point 
of A, and its derivative is the element 0 of #(E; F). 


(8.1.3) The derivative of a continuous linear mapping u of E into F extsts 
at every point x EE and Du(x) = u. 


For by definition u(x 9) + u(x — x9) = u(%). 


(8.1.4) Let E,F,G be three Banach spaces, (x,y) > [x-] a continuous 
bilinear mapping of EX F into G. Then that mapping is differentiable 
at every point (x,y)€E x F and the derivative is the linear mapping 
(st) > [*-#] + [s+ 9]. 


For we have 
CS (st) | es ee sre 


and by assumption, there is a constant c >0 such that ||[s -¢]!|<c -||s|| - ||é]| 
(5.5.1). For any « > 0, the relation sup (||s||,||¢||) = ||(s,¢)|| < e/e implies 
therefore 


(e+ s)-(y +4] — [e-y] — [x - 4] — [s- y]|[/(s. || <e, 


which proves our assertion. 
That result is easily generalized to a continuous multilinear mapping. 


(8.1.5) Suppose F = F, x F, x ... X F,, ts a product of Banach spaces, 
and {f = (f,,...,},,) @ continuous mapping of an open subset A of E into F. 
In order that f be differentiable at xy, a necessary and sufficient condition is that 
each f, be differentiable at x, and then f'(x) = (fi(%9),-+-sfm(%o)) (when 
L(E; F) ts identified with the product of the spaces Y(E; F;)). 


Indeed, any linear mapping # of E into F can be written in a unique 
way u = (u,,...,u4,,), Where u, is a linear mapping of E into F,, and we 
have by definition ||u(x)|| = sup (||,(x)||,...,||#,,(%)||), whence it follows 
(by (5.7.1) and (2.3.7)) that |||] = sup (||, \#,,||), Which allows the 


ypreey 


identification of #(E; F) with the product 7 #(E; F,). From the defini- 


i=] 
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tion, it follows at once that is the derivative of / at x) if and only if u,; 
isutinederivaliverory.al xX, tor V4 m1. 


Remark. Let E,F be complex Banach spaces, and E»,F) the underlying 
veal Banach spaces. Then if a mapping f/ of an open subset A of E into F 
is differentiable at a point %, it is also differentiable with the same deriv- 
ative, when considered as a mapping of A into Fy (a linear mapping of E 
into F being also linear as a mapping of E, into Fy). But the converse is 
not true, as the example of the mapping z — Z (complex conjugate) of C 
into itself shows at once; as a mapping of R? into itself, w: z > 2 (which 
can be written (x,y) > (x,—¥)) is differentiable and has at each point a 
derivative equal to u, by (8.1.3); but # is not a complex linear mapping, 
hence the result. We return to that question in chapter IX (9.10.1). 

When the mapping / of A into F is differentiable at every point of A, 
we say that / is differentiable in A; the mapping x — /’(x) = Df(x) of A 
into #(E; F) will be written /’ or D/ and called the derivative of fin A. 


2. Formal rules of derivation 


(8.2.1) Let E,F,G be three Banach spaces, A an open neighborhood of x) € E, 
f a continuous mapping of A into F, yo = {(%o), B an open neighborhood of 
Vo in F, g a continuous mapping of B into G. Then if f vs differentiable at 
X 9 and g differentiable at yo, the mapping h = gof (which is defined and 
continuous in a neighborhood of %9) ts differentiable at xy, and we have 


h'( x9) = 8'(Yo) of (%)- 


By assumption, given ¢ such that 0 < ¢ < 1, there is an 7 > 0 such that, 
for ||s|| <7 and ||t|| <7, we can write 


f(s +s) = f(%) + PCRS ae 0,(s) 
2(Yy +4) = B(¥o) + 8'(¥o) * é + OK) 


with ||o,(s)|| < e||s|| and |lo9(¢)|| <el|é|]. On the other hand, by (8.1.1) 
and (5.5.1), there are constants a,b such that, for any s and 4, 


II7'(%0) *s|| <al|s|]_ and I"Cy0) él] < PUA 


hence ||’ (9) )-s + 0,(s) |< 1)|Is|| 
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for ||s|| <r. Therefore, for ||s|| <7/(a + 1), we have 
lloal?’(%0) +8 + o4(s))|| < (4 + Yel|s|| 
and lle’ (Yo) * ox(8) |] < 
hence we can write 
h(x» +s) = (Yo + f(%) Ss + O4(s)) = B(%o) + 8'(¥0) * (7'(%0) * S) + oss) 


with |los(s)|| < (@ + 6 + Yells 


which proves the theorem. 


(8.2.1) has of course innumerable applications, of which we mention 
only the following one: 


(8.2.2) Let f,g be two continuous mappings of the open subset A of E into F. 
If f and g are differentiable at x», so are f + g and af (« scalar), and we have 


(f + 2)'(%0) =f (%e) + 8'(%) and (af)’(Xo) = af" (%)- 


The mapping / + g is composed of (u,v) + «+ v, mapping of F x F 
into F, and of x —> (f(x),g(x)), mapping of A into F x F; both are dif- 
ferentiable by (8.1.3) and (8.1.5), and the result follows (for / + g) from 
(8.2.1). For af the argument is still simpler, using the fact that the mapping 
u — au of F into itself is differentiable by (8.1.3). Of course, (8.2.2) could 
also be proved very simply by direct arguments. 


Let E,F be two Banach spaces, A an open subset of E, B an open subset 
of F. If A and B are homeomorphic, and there exists a differentiable 
homeomorphism } of A onto B, it does not follow that, for each % € A, /’(%9) 
is a linear homeomorphism of E onto F (consider e.g. the mapping  — & 
of R onto itself). 


(8.2.3) Let f be a homeomorphism of an open subset A of a Banach space E 
onto an open subset B of a Banach space F, g the inverse homeomorphism. 
Suppose f is differentiable at the point xX», and f'(x9) 1s a linear homeomorphism 
of E onto F; then g is differentiable at yy = f(x9) and g'(Vo) 1s the inverse 
mapping to f'(%_) (cf. (10.2.5)). 


By assumption, the mapping s — /(%» + s) — /(%9) is a homeomorphism 
of a neighborhood V of 0 in E onto a neighborhood W of 0 in F, and the 


2. FORMAL RULES OF DERIVATION 147 


inverse homeomorphism if ¢ > g(V¥g + ¢) — g(vo). By assumption, the 
linear mapping /’(%») of E onto F has an inverse u which is continuous, 
hence (5.5.1) there is c > 0 such that ||z(¢)|| < e|||| for any ¢¢ F. Given 
any é€ such that 0<e< 1/2c, there is an 7 > 0 such that, if we write 
f(%o +s) — f(%) =f’ (%) +s + 0,(s), the relation ||s|| <7 implies ||0,(s) || <el|s]|. 
Let now 7’ be a number such that the ball ||t|| <7’ is contained in W and 
that its image by the mapping ¢ > g(vg + #) — g(¥o) is contained in the 
ball |isil=7. Let 2— p(y, +t) —eiyq), by definition, for |jz|| <7 

this equation implies ¢ = f(x) + 2) — f(x) and as ||z|| <7, we can write 
t = f'(%») - z + 0,(z), with ||o,(z)|| < el|z||. From that relation we deduce 


Ut — te -(f (Xq) - 2) ee O12) = 2 t- 0, (2) 


by definition of u, and moreover Ie - 0,(z)|| < elle, (z)|| < cellz|| < $\lz||, 
hence [ju > [lel] — lll = 
and finally ||z- 0,(z)|| < anes <2 2e(lt We have therefore proved that 
the relation ||¢|| <7’ implies ||g(v9 + ¢) — g(yo) and 
as € is arbitrary, this completes the proof. 


therefore ||z|| < 


The result (8.2.3) can also be written (under the same assumptions) 


(8.2.3.1) (7-1)"((%0)) = (7'(%0))~?- 


PROBLEMS 


1) Let E be a real prehilbert space. Show that in E the mapping x +> ||*|| of E 
into R is differentiable at every point x 4 0 and that its derivative at such a point 
is the linear mapping s — (s|x)/||#||- 

2) a) In the space (¢)) of Banach (section 5.3, problem 5) show that the norm 
x — ||x|| is differentiable at a point x = (§,) if and only if there is an index mp) such 
that [&,,| > |&,| for every  # mp. Compute the derivative. 

b) In the space /} of Banach (section 5.7, problem 1), show that the norm ¥ + || ¥]| 
is not differentiable at any point (use (8.1.1) and problem 1 c) of section 5.7). 

3) If I = [0,1], show that in the space @p(1), the norm x — ||*|| is not differen- 
tiable at any point. 

4) Let f be a differentiable real valued function defined in an open subset A of 
a Banach space E. 

a) Show that if at a point x,¢A, f reaches a relative maximum (section 3.9, 
problem 6), then Df(x») = 0. 

b) Suppose E is finite dimensional, A is relatively compact, / is defined and 
continuous on A, and equal to 0 on the aes of A. Show that there exists a 
point x,¢A where Df(%)) = 0 (‘‘Rolle’s theorem’’; use a) and (3.17.10)). 
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3. Derivatives in spaces of continuous linear functions 


(8.3.1) Let E,F,G be three Banach spaces. Then the mapping (u,v) + vou 
(also written vu) of Z(E; F) x &(F; G) into LE; G) is differentiable, and 
the derivative at the point (uy,v9) is the mapping (s,t) + Vg0s +> lottg. 


If we observe that, by (5.7.5), the mapping (u,v) — vow is bilinear and 
continuous, the result is a special case of (8.1.4). 


(8.3.2) Let E,F be two Banach spaces, such that there exists at least a linear 
homeomorphism of E onto F. Then the set 4 of these linear homeomorphisms 
is open in L(E;F); the mapping uu! of # onto the set Ao} nea? 
homeomorphisms of F onto E is continuous and differentiable, and the derivative 
of u > u-1 at the point uy is the linear mapping (of Z(E; P\znio2 (ei) 
S —> — Uy tosouy}. 


a) We consider first the case F = E, and write | for the identity mapping 
ous Then: 


(8.3.2.1) If |\w|| <1 in LE; E), the linear mapping 1 + w is a homeo- 
morphism, its inverse (1 + w)—1 is equal to the sum of the absolutely convergent 


serves z (— 1)*w”", and we have 
3.22) I-41 + wl] < [fol — [fe 


N 
We have & ||w||" = (1 — ||w|P**)/ — | wl) < 1/1 — ||w|[), hence, 
n=0 


by (5.7.5), (5.3.1), (5.3.2) and (5.7.3), the series 2 (— 1)"w" is absolutely 
n=0 
convergent in Y(E;E). Moreover, we have 


(l+w\l—wtw?t...+(—1)%v") 
=(l—w+w?+...+(— DX) (1+ 0) =1—0%", 


and as wt! tends to 0 with 1/N, we have by definition and by (5.7.5), 
for the element v = ZX (— 1)*w* of L(E;E), (1+ =v(11l+u)=1 


n=0 
which proves the first two statements; the inequality (8.3.2.2) follows from 
the relation (1 + w)!—1l+w=wi(l—w+w?+ ...) and from (5.7.5) 
and (5.3.2). 
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b) Consider now the general case; suppose se “(E; F) is such that 
||s|| + [Jag *|| <1; then the element 1 + u's, which belongs to “(E; E), has 
an inverse, due to (5.7.5) and (8.3.2.1); as we can write #) +s =19(1 + up zs) 
the same is true for m+ s, the inverse being (1 + up ES) aura hence 
we have 


(uy 4- 5)! — uy * = (1 - wy) 5) — juz. 


1s we obtain, for l|s|| < 1/||x9 *|| 


Applying (8.3.2.2) to w = up 
(0 +s)? = gt ty * seq" | < | eo “1 IIs|[?/. — |Jeo" “+ ISI) 


Therefore, if we take ||s|| < 1/2||t9 *| , we have 


|| (eg + s)7? =m ok tig Sty || < e||s||? 


with c = 2||u9 '|§, and this ends the proof. 


4. Derivatives of functions of one variable 


When we specialize E to a one-dimensional vector space (identified to 
R or C), we know that #(E; F) is naturally identified to F itself, a vector 
beF being identified to the linear mapping & > dé of E into F (5.7.6). 
If f is a differentiable mapping of an open set AC E into F, its derivative 
D/(é,) at a point & € A is thus identified to a vector of F, and the mapping D/ 
toa mapping of A into F. If F itself is one-dimensional (identified to R or C), 
we obtain the classical case of the derivative (at a point) as a number. 
The general results obtained above boil down in that last case to the 
classical formulae of calculus; for instance, (8.3.2), when E and F are 
one-dimensional, is simply the formula giving the derivative of 1/& as 
equal to — 1/&? for 40. We explicitly formulate the following con- 
sequence of (8.2.1): 


(8.4.1) Let E,F be two real (resp. complex) Banach spaces, { a differentiable 
mapping of an open subset A of E into F, g a differentiable mapping of an 
open subset I of R (resp. C) into A; then the derivative at € € I of the composed 
mapping h = fog of Linto Fis the vector of F equal to Df(g(€)) - g'(€) (remember 
g’(é) is in E, and D/(g(é)) in Z(E; F)). 
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Remarks. — Suppose F is a complex Banach space, f a differentiable 
mapping of an open subset ACC into F; its derivative at z€A is thus 
identified with a vector of F. Let now g be a differentiable mapping of an 
open subset I of R into € (considered as the underlying 2-dimensional real 
vector space); then fog is a differentiable mapping of I into the underlying 
real Banach space F, of F, and (8.4.1) shows that its derivative at a point 
Eel is g'()(Df(e(é)) (remember here g’(é) is a complex number). 

When E = Rand Fis a real Banach space, the notion of derivative can 
be greatly generalized: for any subset JCR and any point &)¢ J such 
that &, is a cluster point of J — {&}, we can define, for a mapping / of J 
into F, the derivative of f at &, (with respect to J) as the limit (when it exists) 


lim (f(&) — A(E0))/(E — $0): 
E—> &, &e J — {Eo} 

When the limit exists, we say that f is differentiable at &5, with respect to J. 
We shall only consider the case in which J is an ¢nterval of R; then at the 
interior points of I, the derivative with respect to J coincides (when it 
exists) with the usual one; at the origin « (resp. extremity 8) of J, when 
it belongs to J, the derivative of { with respect to J is also called the deriv- 
ative on the right (resp. on the left) of f at the point « (resp. &) and written 
f(a) or D, f(a) (resp. f,(2) or D_f(8)). Theorem (8.4.1) is still valid when 
in the assumptions we suppose I is an interval and g has a derivative with 
respect to I at &; then if / is differentiable in A, fog has a derivative at & 
with respect to I given by the same formula (g’(&) being replaced by the 
derivative of g with respect to I). The proof is that of (8.2.1) with the 
obvious modifications. We omit the most usual consequences of that 
theorem, such as the result corresponding to (8.2.2). 


PROBLEMS 


1) a) Let ¢ be a continuous mapping of an interval Ic R into a Banach space E. 
In order that f be differentiable at an interior point % of I, it is necessary and sufficient 
that (f(%) + h) — f(%) — ’))/(A + k) have a limit in E when the point (#,k) tends to 
(0,0) in the set of pairs such that h > 0, & > 0. 

b) The real function / equal to ¥? sin (1/x) for x ~ 0, to 0 for * = 0, is differen- 
tiable in R, but (f(*) — f(y))/(* — y) has no limit when (#,y) tends to (0,0) in the set 
of pairs such that x >0, y>0, x #y. 


c) In the interval I = [0,1], the sequence of continuous functions /, is defined as 
follows: f)() = 4%; for each > 1, f, has the form a + # in each of the 3” intervals 
R R 
a! < a for 0< k < 3” — 1; moreover 
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Show that the sequence (f,,) converges uniformly in I towards a continuous func- 
tion which has no derivative at any point of I (use a)). 


2) Let / be a continuous mapping of an open interval I ¢ R into a Banach space E, 
which has at every point te 1 both a derivative on the left f(t) and a derivative on 
the right fj(d). 

a) Let U be a non empty open subset of E, A the set of points ¢éI1 such that 
fa(t) €U. For any « > 0, let B, be the subset of I consisting of points ¢ such that 


there is at least a point seI1 for which ¢-a<s <¢#t and (f(t) — f(s))/(¢ — s) eU; 
show that B, is open and that An ( B, is denumerable (use problem 3 of section 3.9). 


Conclude from that result that the set of points t¢A such that te(d) ¢ U is at most 
denumerable. 

b) Deduce from a) that the set of points ¢¢I1 such that felt) == fa(t) is at most 
denumerable. (Observe first that f(I) is a denumerable union of compact metric 
spaces, and by considering the closed vector subspace of E generated by /(I), reduce 
the problem to the case in which the topology of E has a denumerable basis (U,) of 
open sets; then remark that for every pair of distinct points a,b of E there is a pair 
of sets Uy,Uy such that ae Uy, beU, and Upn U, = @.) 


3) a) Let f be defined in R? by the conditions 


2 
£182 


==> for x = (&,,&) (0,0), (0) = 0. 
Si ae So 


f(4) 


Show that forany xe€R? andany yeER?, the limit lim (f(*+ty) —f(x))/t=e(*,y) 
t—>0,t4+0 


exists but that y > g(0,y) is not linear (hence f is not differentiable at the point 0). 
b) Let / be defined in R? by the conditions 


f= 7 for & = (Evga) = (0.0), 1(0) = 0. 


Show that the limit g(x,y) exists for every + and y and y — g(x,y) is linear for 
every x € R®, but that / is not differentiable at the point 0. 


4) a) Let f be a continuous mapping of an open subset A of a Banach space E 
into a Banach space F. We say that at *),¢A the function f is quasi-diffeventiable 
if there exists a linear mapping u of E into F, having the following property: for any 
continuous mapping g of I = [0,1] into A such that g(0) = %) and that the derivative 
g’(0) of g at 0 (with respect to I) exists, then ¢—> f(g(t)) has at the point ¢ = 0 a deriv- 
ative (with respect to I) equal to u(g’(0)). The linear mapping w is then called a 


152 VIII. DIFFERENTIAL CALCULUS 


quasi-derivative of f at x). Show that if f is quasi-differentiable at 7, its quasi-deriv- 
ative is unique. Extend property (8.2.1) to quasi-differentiable mappings. 


b) Show that if f is quasi-differentiable at 7, its quasi-derivative u is a continuous 
linear mapping of E into F. (Suppose, as one may, that % = 0, ee —Oeewise 
contradiction: if « is not bounded in the ball B(0;1), there exists a sequence (aq) 


of vectors in E such that ||a,|| = 1, and a sequence (t,) of numbers > 0, such that 
lim ¢, = 0 and that Wl ftnen) || =a, tends to +o; one can suppose that the 
n> CO 


sequences (t,) and (\/oxntn) are decreasing and tend to 0. Define a continuous mapping 
of [0,1] into E such that g(0) = 0, that g’(0) exists and is equal to 0, and that 


o(|/entn) = tydy)- 

5) a) Let E,F be two Banach spaces, / a continuous mapping of an open subset A 
of E into F. Show that if is differentiable at ¥,¢ A, it is quasi-differentiable at 7» 
and its quasi-derivative is equal to its derivative. 


b) Suppose E has finite dimension. Show that if / is quasi-differentiable at ¥) € A, 
f is differentiable at x). (Use contradiction: let « be the quasi-derivative of f at %, 
and suppose there is a > 0 and a sequence (%,) of points of A, tending to %9, such that 
\|f(¥n) — f(%)— «+ (4m — %)|| = «||4n — ||, Using the local compactness of E, 
show that one may suppose that the sequence (||*%, — %9||) is decreasing, and that 
the sequence of the vectors z, = (%, — %9)/||*n — %|| tends to a limit in E; then 
define a continuous mapping g of [0,1] into E such that g(0) = %, that g’(0) exists, 
but that w(g’(0)) is not the derivative of ¢ > f(g(t)) at t = 0.) 


6) Let I = [0,1], and let E be the Banach space @ (I). In order that the mapping 
x — ||x|| of E into R be quasi-differentiable at a point %9, it is necessary and sufficient 
that the function ¢-> |*,(f)| reaches its maximum in I at a single point 4,¢1; the 
quasi-derivative of 7 — ||x|| at 9 is then the linear mapping w such that u(z) = z(t) 
if aj) 0, (2) = — zt) at “4q(t)) — Oe (compate sections d: 2) problente?) milo 
prove the condition is necessary, suppose |%,| reaches its maximum at two distinct 
points f9,¢, at least; let y be a continuous mapping of I into itself, equal to | at 4, 
to 0 at ¢,; examine the behavior of (||%) + Ay|| — ||#o||)/4 as the real number A 4 0 
tends to 0. To prove the condition is sufficient, let A —» zg be a continuous mapping 
of I into E, having a derivative a¢ E at A = 0 and such that z = 0; observe that 
if t; is the largest number in I (or the smallest number in I) where t—>|x9(¢) + 2a(¢)| 
reaches its maximum, then /, tends to 4, when A tends to 0.) 


7) Let f be a continuous mapping of an open subset A of a Banach space E into 
a Banach space F. Suppose f is lipschitzian in A: this means (see (10.5.4)) that 
there exists a constant k > 0 such that ||f(%,) — f(%»)|| < k||a, — #2|| for any pair 
of points of A. Let #) € A, and suppose there is a linear mapping u of E into F such 
that, for any vector a ~ 0 in E, the limit of (f(# + at) — f(*9))/t when ¢ ~ 0 tends 
to 0 in R, exists and is equal to u(a). Show that f is quasi-differentiable at xp. 


8) a) Let a,b be two points in a Banach space E. Show that the mapping 
t— ||a + 1b|| of R into itself has a derivative on the right and a derivative on the left 
for every ¢ € R (prove that if 0 < ¢ < s, then (||a@ + bé|| — ||a||)/¢< (||a + bs|| — |\a]|)/s 
and use (4.2.1)). 
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b) Let u be a continuous mapping of an interval I[é R into E. Show that if at 
a point ¢, I, w has a derivative on the right, then ¢ — ||u(#)|| has at t a derivative on 
the right and 

Da. |he(6a)ll < |[D4.+()|I 
(apply a)). 

c) Let U be a continuous mapping of I into Y(E; E). Show that if at a point 
t,€ 1, U has a derivative on the right and U(¢,) is a linear homeomorphism of E onto 
itself, then the mapping ¢ — ||(U(#))—1||, which is defined in a neighborhood of 4, 
has a derivative on the right at ¢), and that 


Da. (||(U(é)) ||) < [D4 UG) II- 


5. The mean value theorem 


(8.5.1) Let I = [a,8] be a compact interval in R, f a continuous mapping 
of | into a Banach space ¥, y a continuous mapping of Linto R. We suppose 
that there 1s a denumerable subset D such that, for each €€1 —D, f and 
have both a derivative at — with respect to I, and that ||f'(&)|| < ’(&). Then 


(8) — f(a)|| < p(B) — ea). 


Let x — p, be a bijection of N onto D; for any ¢ > 0, we will prove 
that ||/(6) — f(«)|]| < (8) — p(a) + e(6—a-+1); the left hand side 
being independent of ¢, this will complete the proof. Define A as 
the subset of I consisting of the points & such that, for «<¢€< é, 
AS) — Ha)|| < (2) — pla) +e(C —a) +e 2X 2°". It is clear that 


Py<é 
aeéA; iffeAanda<n< é, then 7 €A also, by definition; this shows 
that if y is the l.u.b. of A, then A must be either the interval («,y[ or the 
interval [«,y]; but in fact, from the definition of A it follows at once that 
A = [a,y]. Moreover, from the continuity of / and it follows that 


(8.5.1.1) |If(v) — H#)|| < ely) — pla) + ely —o) +e X 2°" 


Pn<? 


and therefore we need only prove that y = 6. Suppose y< f#; if y€D, 
then from the definition of the derivative, it follows that there is an interval 
[yxy + A] contained in I such that, fory <6 <yp+a 


IMC) — Ky) — P(E — WI <s(C—-y) 


bo| 


and 


le) — ey) — PE — I< Zb-) 
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hence 
MO — AI SF OMIC — +e — Se ME—) + a-” 


< 9(0) — oly) + eS — y) 
and from (8.5.1.1) we deduce 


LACS) — Hoe) || < g(a) +e(E—a)+e 2 2" 


Pa<? 


< pS) — pla) + e(S— a) +e 4 27% 


Py<S 


contrary to the definition of y. If yeD, let y= p,,; it follows from the 
continuity of f and that there is an interval [y,y + 4] contained in 1h 
Suicue tha tetory =o) -97 =A, 


hence, from (8.5.1.1) we deduce again 


AC) — Ho) || < eC) — la) + ely — a) te & 2” 


Pax 
< (2) — p(x) +e(C— a) +e 2 2°" 
Pye 
and we reach again a contradiction, q.e.d. 
The most important case is that in which o(é) = M(€ — a) with M > 0: 


(8.5.2) If there is a denumerable subset D of I such that, for each EI —D, 
j has at ie a derivative with respect to 1 such that ||f'(&)|| <M, then 
II(8) — f(a) || < M(B — a). 


For real-valued functions, the same argument as in (8.5.1) proves the 
first part of: 


(8.5.3) Suppose y is a continuous mapping of I into R such that, at every 
point EE I —D, o has a derivative with respect to 1, and m < g'(&) < M. 
Then m(B — a) < @(f) — pla) < M(B — «); and in fact 


m(B — a)< (8) — pla) < M(B — «), 
except when o(&) = p(a) + m(E — a) or w(€) = w(x) + M(E—a) for Fel. 
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To prove the second part, observe that by the first part, the function 
p(s) — v(x) — m(E — a) is increasing in I; if it is not identically 0, then 
p(B) — p(x) — m(B — a) > 0. Similar argument for the other inequality. 


In a normed space E, we define the segment joining two points a,b as 
the set of points a + (6 —a) withO<é< 1. 


(8.5.4) Let E,F be two Banach spaces, f a continuous mapping into F of a 
neighborhood of a segment S joining two points X%»,x%) +4 of E. If f is dif- 
ferentiable at every point of S, then 


oo +9 — All] < lll sup Ile + ll 


S5< 


Consider the mapping g of the interval I = [0,1] into F defined by 
g(é) = f(%» + €2); by (8.4.1), (8.2.2) and (8.1.3), g is differentiable at every 
point of I (with respect to I) and its derivative is /’(x) + é)-¢; hence the 
result by (8.5.2) and (5.7.4). 


PROBLEMS 


1) a) Let I = ja,b[ be an open interval in R, and let / be a real function defined 
in I and continuous on the left at each point eI (ie. f(f —) = f(t)). Suppose there 
is a denumerable subset D of I such that for each ¢ eI — D, f is increasing on the right 
at the point ¢, which means that there is an interval [#4 + h] (4 > 0) such that 
f@) <f@) for t<t’/<t+h. Show that f is increasing in I (apply the same kind 


of argument as in (8.5.1)). 
to 0) 


b) For each number f¢ J = [0,1[, let 2X a,/2” be the unique “dyadic” devel- 


n=0 


opment of ¢ such that each a, is either 0 or 1, and there is no index m such that a, = 1 


iv 2) 
for all » > m (see section 4.2, problem 2). Let f(f) = 2 a,/4". Show that f is 


n= 0 
continuous on the right at every point ¢é J (i.e. f(f+) = /(é)), 1s not constant in any 
subinterval of J having more than one point, and that it has at every point fe J 
a derivative on the right, equal to 0. 
2) Show that the conclusion of (8.5.1) is still true if it is only supposed that / and » 
have both a derivative on the right at every point € of I — D (f being excepted), 


and that |j/a(&)|| < ga(é)- 

3) Let / be a real continuous function defined in a compact interval [«,f], and 
having a derivative on the right at every point of Ja,8[. Let m and M be the g.l.b. 
and L.u.b. of fj in Ja,B[. 


a) Show that if f is not a mapping ‘—At-+-y, the set of all numbers (f(¥) —f(¥))/(*¥—y) 
when # and y are arbitrary numbers in [«,#] such that x + y, is identical to ]m,M[. 
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(By suitable substraction of a function of the form ¢—> At +- p, reduce the problem 


to showing that if taly)fald) <0 with y <6, there are two distinct points in the 
interval ]y,6[, where / takes the same value.) 
b) Show that if in addition f/ has also a derivative on the left at every point of 


Joa,8[, then the g.l.b. (resp. l.u.b.) of ie and iL in Ja,8{ are the same. 

c) Deduce from b) that if / has a derivative at every point of Ja,f{, the image 
by /’ of any interval contained in Ja,A[ is connected (see (3.19.1)). 

4) In the interval I = [— 1, + 1] of R, let f be the mapping of I into R? defined 


I 1 
as follows: f(é) = (0,0) if —~Il<i<o0; ff) =|? Shan co) mt O ees I, 


Show that f has a derivative at every point of ]— 1, + 1[, but that the image of 
that interval by /’ is not connected. 

5) Extend (8.5.4) when f is only supposed to be quasi-differentiable (section 8.4, 
problem 4) at every point of S, and /’ stands for the quasi-derivative. 

6) Suppose F is a real Hilbert space. Deduce (8.5.1) from the same theorem for 
yeal functions g, by applying it to the real valued functions § — (f(&)|a), where ae F. 
(This method can in fact be applied to any Banach space, and even to more general 
classes of topological vector spaces; see [6] and [23] in the Bibliography.) 


6. Applications of the mean value theorem 


(8.6.1) Let A be an open connected subset of a Banach space E, f a contin- 
uous mapping of A into a Banach space F; if f has a derivative equal to 0 
at every point of A, then f 1s a constant. 


Let x) be a point of A, and let B be the set of points « € A such that 
f(x) = f(%»). B is closed with respect to A (3.15.1); on the other hand, if 
x € B and if U is an open ball of center « contained in A, then U contains 
the segment joining x to any of its points y, hence by (8.5.4) 
H(y) = f(x) = f(x). This shows that B is also open with respect to A, 
hence equal to A by assumption (3.19). 


Better results are available, using (8.5.2): for instance, if E = R 
and A is an interval in R, it is only necessary to assume that the derivative 
of f exists and is 0 except at the points of a denumerable set. 


(8.6.2) Let E,F be two Banach spaces, f a differentiable mapping into F 
of an open neighborhood A of a segment S joining two points a,b. Then, for 
each x,EA, we have 


IW/() — Ha) — f'(%) - (6 — a)|| < |b — || - sup |I/"(x) — f'(%)|- 


xes 
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Apply (8.5.4) to the mapping 
x > f(x) — f(x) +x 


whose derivative is t > (f'(x) — f’(%9))-¢ by (8.2.2) and (8.1.3). 


(8.6.3) Let A be an open connected subset in a Banach space E, (f,,) a sequence 
of differentiable mappings of A into a Banach space ¥. Suppose that: 1° there 
exists one point x) € A such that the sequence (f,(%9)) converges in F; 2° for 
every point ae A, there is a ball Bia) of center a contained in A and such 
that in B(a) the sequence (f,) converges uniformly. Then for each ac A, the 
sequence (f,) converges uniformly in B(a); moreover, if, for each xe€A, 
f(x) = lim f(x) and g(x) = lim f,(x), then g(x) = f'(x) for each x EA. 

Let 7 be the radius of B(a); then by (8.5.4), for any point x € B(a), 
we have 

[Nal 9) — fal) — Fal) — fn @))I] < || — | fea INF(2) — fnl2)I| 
(8.6.3.1) <r- sup |If,2) — fall 
2€ Bia) 

As the sequence (f,) is uniformly convergent in B(a), and F is complete, 
this proves that if the sequence (/,(x)) is convergent at any point of Bia), 
it is also convergent at every point of B(a), and in fact uniformly convergent 
in B(a). This result first shows that the set U of the points x such that 
(f,,(x)) is a convergent sequence, is both open and closed in A; as it is not. 
empty by assumption, and A is connected, U= A. We finally prove g is 
the derivative of f: given ¢ > 0, there is by assumption an integer 7) such 
that for 1 > m, m > 9, |If,(2) — f,(2)|| <e/7 for every ze B(a), and 
moreover ||g(a) — f,(a)||<e; letting m tend to + oo in (8.6.3.1), we 
see that, for » > m, and x € B(a), we have 


II) — fa) — (f,(%) — f4(@) || Selle — 4]. 


On the other hand, for any 2 > 1p, there is 7’ <r such that, for ||¥—al|<r’, 
we have ||f,(x) — /,(4) — f(a): (* — a)||<el|x —a||; using (5.7.4), we 
finally see that for ||x — a|| <7’, we have 


I~) — Ha) — gla): (* — 4)|| < 3e||x — a| 


which proves that /’(a) exists and is equal to g(a), q.e.d. 
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Again, we can state better results when E = Rand A is an interval in R: 


(8.6.4) Let (g,) be a sequence of mappings of an interval ICR into F, and 
suppose that, for each n, g,(&) is the derivative of a continuous function f, 
except for the points & of a denumerable subset D, CI. Suppose in addition 
that: \° there exists a point &,€1 such that the sequence (f,(&o)) converges 
in F; 2° for every point € El, there is a neighborhood B(C) with respect to I 
such that in B(C) the sequence (g,) converges uniformly. Then for each CEA, 
the sequence (f,) converges uniformly in B(C); and rf we put f(§) = lim (2) 


n—> 0 


and g(~) = lim g,(€), then at every point of A not in U D,, 7 (6) = 2). 


n+ @O 


The proof repeats that of (8.6.3), using (8.5.2) instead of (8.5.4). 


(8.6.3) yields in particular: 


(8.6.5) Let A be an open connected subset in a Banach space, (u,) a sequence 
of differentiable mappings of A into a Banach space F. If for every a€ A, 
there is a ball B(a) of center a contained in A and such that the serves (uw!) is 
uniformly convergent in Bia), and if there exists a point x)eA such that 
the series (u,,(X9)) is convergent, then for each ae A, the series (u,) 1s umformly 


convergent in B(a), and its sum s(x) has a derivative equal to & u(x) at 
n=0 


every x EA. 


PROBLEMS 


1) Let f,g be two real valued differentiable functions defined in an open interval 
ICR. It is supposed that f(f) > 0, g(t) > 0, f(t) > 0 and g’(t) > O in I. Show that 
if the function /’/g’ is strictly increasing in I, either //g is strictly increasing in I, or 
there exists c€1 such that //g is strictly decreasing for << ¢ and strictly increasing 
for ¢=>¢. (Prove that if f’(s)/g’(s) < f(s)/g(s), then for any t < s, f’(t)/e’(t) < F(A) /e(4). 
Apply to the function 


tgi tga 
t a 
itgi—atga 


‘A 
in the interval f. | : 


2) a) Let I be an open interval in R, %) € R one of its extremities, f a continuous 
mapping of I into a Banach space E. Suppose there is a denumerable subset D of I 


such that at each point of I — D, f has a derivative on the right. In order that /;(t) 
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have a limit when ¢ tends to 7, in I — D, a necessary and sufficient condition is that 
(7(t) — f(s))/(¢ — s) have a limit when the pair (s,f) tends to (+9,x)) in the set defined 
by sel, teI, s~#. Both limits are then the same; if ¢ is their common value, 
show that /(#) has a limit in E when ¢ tends to x, in I, and that if f is extended by 
continuity to IU {x9} (3.15.5), (f(¢) — f(%9))/(¢ — x») tends to c when ¢ tends to ¥ in I. 
(Use the mean value theorem and Cauchy’s criterion.) 

b) Show that at every point ¢¢ I — D where ha is continuous on the left, / has a 
derivative on the left. If at fe I — D, fa is continuous, / has a derivative at the 
point ¢. (Use a).) 

3) Let / be a differentiable mapping of an open subset A of E into F (E,F Banach 
spaces). 

a) In order that /’ be continuous at %, a necessary and sufficient condition is 
that, for any ¢ > 0, there exist 6 > 0 such that the relations ||s|| < 6,||t|| << 6 imply 
lf (%o se 8) = Gy ae O) = P (4%) + (s — t)|| < e||s = ||. 

b) In order that 7’ be uniformly continuous in A, a necessary and sufficient condi- 
tion is that, for any ¢ > 0, there exist 6 > 0 such that the relations l[s|| <6, x eA, 
x+éseA for O< &< 1 imply ||f(x + s) — f(x) — f(x) + 5|| < eljs}]. 

4) Let 7 be a continuous mapping of a compact interval Ic R into R, having a 
continuous derivative in-I. Let S be the set of points te I such that /’(t) = 0. Show 

a 


that for any e > 0, there exist a sequence (7,) of numbers > 0 such that 2 7, <e 
n=0 


and that the set /(S) is contained in a denumerable union of intervals J, such that 
O(Jn) <7. (For any « > 0, consider the open subset U, of I consisting of the points 
t where |/’(t)| < a; use (3.19.6) and the mean value theorem.) 

5) Let f be a continuous mapping of an interval Ic R into C, such that f(t) 4 0 
in I and that fa(t) exists in the complement of a denumerable subset D of I. In order 
that |/| be an increasing function in I, show that a necessary and sufficient condition 
is that A(fq(t)/f(t)) = 0 in I — D. 

6) Let E,F be two Banach spaces, A an open subset of E, B a closed subset of 
the subspace A, whose interior is empty and such that any segment in E which is not 
contained in B has an at most denumerable intersection with B. Let / be a contin- 
uously differentiable mapping of A — B into F, and suppose that at each point b € B, 
the limit of /’(~) with respect to A — B exists. Show that / can be extended by 
continuity to a continuously differentiable mapping / of A into F (same method as 
in problem 2 a)). 


7. Primitives and integrals 


Let / be a mapping of an interval ICR into a Banach space F. We 
say that a continuous mapping g of I into F is a primitive of f in I if there 
exists a denumerable set D CI such that, for any § € I — D, g is differen- 
tiable at € and g’(é) = /(é). 
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(8.7.1) If g,8 are two primitives of { im I, then g, — 8 1s constant in I. 
This follows at once from the remark following (8.6.1). 


Any interval I in R (not reduced to a point) is the union of an increasing 
sequence of compact intervals J,,; to check that a function / defined in I 
has a primitive, it is only necessary to do so for the restriction of f 
to each of the J,: for if & is an interior point of J,, and if, for each n, g, is 
the primitive in J,, of the restriction of / to J,,, such that g,(&) = 0 (which 
is uniquely determined by (8.7.1)), then the restriction of g,,, to J, is a 
primitive of {in J, vanishing at &, hence equal to g,. We can therefore 
define the mapping g of I into F as equal to g, in each of the J,,, and it is 
obvious that g is a primitive of f in I. 


(8.7.2) Let I be an interval of R; any regulated mapping of 1 into F (7.6) 
(and in particular any continuous mapping into F, or — when F = R — 
any monotone function) has a primitive in I. 


From the preceding remarks, it follows that we can assume I is compact. 
Then, from (8.6.4) and (7.6.1) it follows that we need only prove the theorem 
for step-functions. Suppose f is a step-function, (A,)9-;<,, an increasing 
sequence of points in I = [«,@] such that A) = «, A, = 8 and /(&) is equal 
to @ constant ¢, im |4./,.;| (0=7= 2 —4)0) Then it wew deine 


g such that in each interval [4,,A;,,] (0<1<"— 1), we have 


L 


e(é) =¢(E —A) + 2 e,(A,,,—4,), it is readily verified that g is a 


primitive of /. 
A primitive of a step-function is also called a piecewise linear function. 
For a continuous function, we have furthermore: 


(8.7.3) If gts a primitive of a continuous mapping f of I into F, then g has 
at every point € EI a derivative with respect to 1 equal to f(&). 


For it follows from (8.5.2) that for every interval [¢,é + A] cl 
lle(E +0) —8(6) — HENCE sup [IE +n) — KE)l| 


O<ncd 


for O<¢<A, and sup {|f(€ + 7) — /(é)|| is arbitrarily small with 4, 


Ox<n<d 


by assumption. 


If gis any primitive of a regulated function /, the difference g(6) — g(a), 
for any two points of I, is independent of the particular primitive g which 
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B 
is considered, owing to (8.7.1); it is written [/(&)dé, and called the integral 


a 
of f between a and ~. Any formal rule of derivation can be translated into 
that notation and yields a corresponding formula of “integral calculus”; 
we only write explicitly the three most important ones; for convenience, 
if gis a primitive of a regulated function /, we write g’ instead of /, although 
g does not have in general a derivative everywhere, and when the deriv- 
ative exists it may fail to be equal to f (at the points of a denumerable set) : 


(8.7.4) (“Change of variables’). Let m be a real-valued primitive of a 
regulated function defined in an interval I; let f be any regulated function 
defined in an interval JD y(I); then, tf erther f 1s continuous or ~ 1s monotone, 
for any two points «6 of I, we have 


The only point to check is that /(p(é))q’(é) is a regulated function, which 
follows at once from the assumptions and from the definition of a regulated 
function (7.6); then, if g is a primitive of /, both sides of the formula are 
equal to g(p(6)) — g(p(«)), due to (8.4.1). 


(8.7.5) (“Integration by parts”). Let /,g be primitives of regulated func- 
tions defined in an interval I, and taking their values in two Banach spaces 
E,F respectively, and let (x,v) > [x-y] be a continuous bilinear mapping 
of E x F into a Banach space G; then, for any points «,B of I 


B 


B 
| [A(S) » 9°(&)]4& = [/(B) - 8(8)] — [Hx) + eta) -| [/'(€) - 9(8) 146. 


x 


Again, the only point to check is that [/- g’] and [/’- g] are regulated 
functions, and then the formula follows from (8.1.4) and (8.4.1). 


(8.7.6) Let f be a regulated mapping of I into a Banach space F, and let u 
be any continuous linear mapping of F into a Banach space G. Then 


B 
| utes a zt | je). 


a 


This follows from (8.4.1) and (8.1.3). 
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The translation in terms of integrals of the mean value theorem reads: 


(8.7.7) For any regulated function f in a compact interval, 


B B 
| neas| < | eae < (8 2) sop |] 


a 


Here again, to apply (8.5.1) we have only to verify that ¢ — ||f(&)|| is 
regulated. 

Finally, we express for integrals results corresponding to (8.6.4) and 
(8.6.5): 


(8.7.8) If a sequence (g,) of regulated functions, defined in a compact interval 


B 
I = [a,f], converges uniformly in I to g, then the sequence ([g,(&)dé) converges 


fe 4 


B 
to Jg(é)d&. (Remember g is regulated by (7.6.1).) 


(8.7.9) If a series (u,) of regulated functions, defined in a compact interval 


I = [«,8], is normally convergent (7.1) in I, then, if u= 2 u,, the series 


n=0 
B B co ff 
of general term | u,,(&)dé is absolutely convergent, and J u(é)\dé = LY J u,(é)dé. 
a od n=0« 


The absolute convergence follows at once from the assumption and the 
mean value theorem (8.7.7). 


PROBLEMS 


1) Let f be a regulated function defined in a compact interval Ic R. Show that 
for any ¢ > 0, there is a number 6 > 0 such that for any increasing sequence 
iy Sly SHR SHS typ KS 1 Q.-.. KS #, of points of I for which x, 1) — #,< 6, 
we have 


n-—1 


| foe — 2 Healers — || Se 


(“Riemann sums”; consider first the case in which f is a step-function). 
2) a) Let f be a regulated function defined in a compact interval I = [a,b]. Show 
that for any ¢ > 0, there exists a continuous function g defined in I and such that 


b 
SiO — e@|lar<e. 
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b) Suppose f/ takes its values in E; let A be a regulated function defined in I and 
taking its values in F, and let (x,y) > [x+y] be a continuous bilinear mapping of 
E X F into G (E,F,G Banach spaces). Show that 


b 
lim f [f@)-A@ + s)]dt = fue. (t) Jaz. 


s—>0,s>0 a4 


c) Show that 


b b b 5 
lim f/(@)sinntdt = lim ff) cosmtdt=0, lim J #@|sin nt|at = a J #@ae 
wa 


n+»>oO @ n—+>O a n>wo a 


d) Let « be a primitive of /, and suppose u(I) is contained in a ball BC E. Show 
that if g is a monotone function in I, then 


where ce B. In particular, if f is a real regulated function, there exists s € I such that 


5 $s b 


J #Og@at = g(a) f fat + g(b) f haat 


a 


(“the second mean value theorem’’), 


(For all these properties, use the same method as in problem 1). 


3) Let / be a regulated function defined in a compact interval I = [a,b]. For 


a 
any integer » > 0 and any integer & such that O< & < », let x, = a + k —— ; let 
n 


iS n 5 
r(n) =" E f(xy) — feta. 


nH k=1 a 


a) Suppose / has a continuous derivative in I. Show that 


b—a 
lim nr(n) = a (f(b) — f(a) 
n—- © 
n—1 *k+1 
(Write 7(n) = 2 f (f(%p 4.1) — f(t))dé; use the mean value theorem and problem 1.) 
k=O Xp 


b) Suppose / is an increasing real function in I; show that 


b—a 


(f(6) — f(a). 


0<7(n)< 
n 


c) Give an example of an increasing continuous function f in I such that nr(n) 


({(b) — f(a)) when » tends to + oc, (Take for f the limit of 


does not tend to 
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a sequence (f,) of increasing continuous piecewise linear functions, satisfying the 


conditions 


ped 4 


We b 3 
(b-—a) XL fn (: a pears =| — 2” | fy(t)dt > — (b — @)(fn(b) — fala) 


and 


4) Show that, when » tends to + oo, the polynomial 
os 1 
= f (1 —ey"ae [ (1 — #8)" ae 
0 0 


converges uniformly to — 1 in any interval [— 1, —e] and converges uniformly to +1 


1 1 
in any interval [e, + 1] (e > 0 arbitrary; use the inequality (a —P)"di > fa — t)"dt). 
0 0 


Let gy(% = frat jdt; show that the polynomial g, converges uniformly to the 


function |x| in [—1, +1], obtaining thus a new proof of (7.3.1.3)). 


5) Let f be a continuous mapping of an interval [¥%9, + co[ into a Banach space E, 
such that for each A>O, lim (f(¥ + A) — f(x)) = 


x—>+ 00 
a) Show that f(¥ + A) — f(x) converges uniformly to 0 when »# tends to + oo 
and A remains in a compact interval K = [a,b] C [0,+ oo[ (i.e., for every ¢ > 0 there 
exists A > 0 such that » > A implies ||f(v + 4) — f(x)||<e 1c every AE K). (Use 


contradiction: suppose there is a sequence (%,) such that lim #, = +o, and 
n— 0 


a sequence (A,) of points of K such that ||f(%, + 4,) — f(4n)|| > a > 0, for every n. 
Observe that there is a neighborhood J, of 4, in K such that ||f(¥, + A) — f(%,)|| > « 
for any 2€ Jy. Define by induction a decreasing sequence of closed intervals I, ¢ K, 
and a subsequence (#,,) of (¥,) such that l(¥ny +4) - f(¥n,)|| => a/3 for every uw € Iz; 
to define I, 11 when I; is known, observe that if 0, is the length of Iz, and ¢ an integer 
such that g6, > b — a, then ||f(v + 6.) — f(*)|| << a@/3¢ as soon as x is large enough.) 
geste ll 
b) Deduce from a) that lim ( f f(é)d¢ — f(x))=0, and conclude that 
X—>-+ 0 
lim f(x)/* = 0. 

X—> 

6) a) Show that there exists a differentiable real function f (resp. g) defined in R 
and such that /’(4) = sin (1/¢) (resp. g’(t) = cos (1/)) for ¢ 4 0 and /’(0) = 0 (resp. 
g’(0) = 0). (Consider the derivatives of the functions 7? cos (1/t) and ?#? sin (1/#).) 
The functions f/’ and g’ are not regulated. 

b) Let P(t,u,v) be a polynomial in u and v with coefficients which are continuous 
real functions of ¢ in an open interval IC R containing 0. Show that there exists a 
differentiable function f defined in I, such that /(f) = P(z, sin (1/2), cos (1/#)) for 
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f 34 0 (express monomials in sin (1/f) and cos (1/t) as linear combinations of terms 
of the form sin (h/t) or cos (A/t), and use a)). What is the value of /’(0) ? Show that 
one may have /’(0) ~ P(0,0,0). 

c) Show that there exists a differentiable function / defined in [—1, +1] and 
such that /’(t) = sin (1/sin (1/¢)) at every point ¢ other than 0 and the points l/uz 
(x positive or negative integer). (In the neighborhood of ¢= 1/nz, write 

1 


———— 


na -+ Arc sin u 
show that there is a constant a@ > 0, independent of , such that 


and use b) to prove the existence of /’(1/nz); furthermore, 


2/(2n —1)x 

sin (1/sin (1/2))d¢| <ajns 
'2/(n+1)2 
for every integer » > 0; consider then the function 


t 
g(t) = lim f sin (1/sin (1/s))ds 
e—>0 € 


for ¢ > 0, and define f similarly for t < 0.) 


7) Let I = [0,1[ and let E be the vector space of regulated complex functions 
defined in I, bounded and continuous on the right (i.e. f(¢+) = f(t) for te 1). 


Se ae 
a) Show that on E, (f|g) = f fg@at is a nondegenerate positive hermitian 
= il 


form (see (8.5.3)). Prove that the prehilbert space E thus defined is not complete (use 
the fact that the function equal to sin (1/é) for ¢ > 0, to 0 for ¢ = 0, is not in E). 


b) Define the sequence (f,) of elements of E in the following way: 

1° f,) is the constant 1; 

2° for each integer m > 0, let m be the largest integer such that 2” < n, and 
2k 2k +1 


let n= 2" 4k; f, is taken as equal to 2”/? for ari = t< peal’ tore 
2k +1 2k + 2 : 

for —— <1! < ———., and to 0 for all other values of ¢ in I. 
gm +1 om +1 


Prove that in the prehilbert space E, (f,) is an orthonormal system (the “Haar 
orthonormal system’’). 


c) For each n> 0, let V, be the subspace of E generated by the f, of indices 
k<n. Show that there is a decomposition of I into » + 1 intervals of type [a,f[ 
without common points, such that, in each of these intervals, every function belonging 
to V, is constant; conversely, every function having that property belongs to V,, 
(consider the dimension of the vector subspace of E generated by these functions). 


d) Let g be an arbitrary function of E, / its orthogonal projection (section 6.3) 
on V,; show that in each of the intervals [a,/[ in which all the functions of V, are 


1 
constant, h(f) = [eta 
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e) Show, by using d), that for any function ge E which is contimuous in I, the 
series of general term (g|fn)fn(é) is uniformly convergent in I and that its sum is equal 
to g(t). Conclude from that result that (f,) is a total orthonormal system in E, 

8) Let # be a regulated real valued function in a compact interval I = [a,b]; 


b 
let J lf @|ae = c. Show that for any ¢ > 0, there is a real valued continuous function g 
a 


b 
in I, such that |g(¢)| << 1 in I, and that fig Wat >>c —e. (Reduce the problem to 
a 


the case in which / is a step function.) 


8. Application: the number ¢ 


For any number a > 0, the function * >a* is continuous in R (4.3), 


hence the function g(x) = fa‘dé is defined and differentiable in R, with 
0 


geal gece 


g(x) = a* everywhere. Now we have g(x + 1)= f a'dt=fa'dt+ f a'dt. 
0 0 a 


1 1 


x+1 
But by (8.7.4), | @di— [a*'*du— a |atdu; asa” 2 int (ator a ap 
ee 0 0 
1 
¢ = fa“du is > 0 by (8.5.3), hence we can write 
0 
a* = ¢~\(e(x + 1) — g(x) 


and therefore a” is differentiable in R, and D(a*) = (a) - a*, where g(a) 40 
if aA~1. Suppose a1, and let b be any number > 0; we can write 


b*¥ = gt !Sa? 
and therefore, by (8.4.1) 


(6) - b* = log, b- pa) + 5%, 


in other words 
p(o) = (a) log, 5. 


There is therefore one and only one number e > 0 such that g(e) = 1, 
namely ¢ = a"; as D(e*) = e*> 0, e* is strictly increasing (by (8.5.3), 
and hence e = et > e?= 1. The function eé* is also written exp (x) or exp x. 
The function log ,x is written log x and it follows from (8.2.3) and (4.2.2) 
that D(log x) = 1/x for x >0. Furthermore D(a’) = log a- a*. 
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PROBLEM 


Study the variation of the functions 


Mee em) | ges) 
=|}: +=) , (1+=)fa+—], fate 
x x x x x 


for x > 0, p being a fixed arbitrary positive number; find their limits when x tends 
to + oo, 


9. Partial derivatives 


Let / be a differentiable mapping of an open subset A of a Banach 
space E into a Banach space F; Df is then a mapping of A into #(E; F). 
We say that / is continuously differentiable in A if Df is continuous in A. 

Suppose now E = E, x E,. For each point (a,,a,) € A we can consider 
the partial mappings x, — f(x,,4,) and x, — /(a,,%_) of open subsets of 
E, and E, respectively into F. We say that at (a,,4,), f is differentiable 
with respect to the first (resp. second) variable if the partial mapping 
X, — f(%,,42) (resp. %_, — f(@,,%2)) is differentiable at a, (resp a,); the 
derivative of that mapping, which is an element of #(E,; F) (resp. #(E,; F)) 
is called the partial derivative of f at (a,,a,) with respect to the first (resp. 
second) variable, and written D,/(a,,42) (resp. D2/(@,,42)). 


(8.9.1) Let f be a continuous mapping of an open subset A of E, X E, 
into F. In order that f be continuously differentiable in A, a necessary and 
sufficient condition is that } be differentiable at each point with respect to the 
first and the second variable, and that the mappings (x,,%_) > Dyf(%1,%,) and 
(%4,%) + Dof(%1,%_) (of A into L(E,; F) and #(E,; F) respectively) be contin- 
uous in A. Then, at each point (x,,%) of A, the derivative of f 1s given by 


(8.9.1.1) Df (x1,%2) * (tute) = Dyf(% 1%) * f+ Dof(% 1%) * 42. 


a) Necessity. The mapping x, > f(x,,4,) is obtained by composing / 
and the mapping x, > (x,,a,) of E, into E, x E,, the derivative of this 
second mapping being ¢, — (4,0) by (8.1.2), (8.1.3) and (8.1.5). Then by 
(8.2.1), x; >/(%,,a9) has at (a,,a) a derivative equal to 4, +D/(4,,4,) ° (2,0): 
If we call 7, (resp. 2) the natural injection 4 — (4,0) (resp. f, > (O:25))5 
which is a constant element of ¥(E,;E, x E,) (resp. Y(E,; E, x E,)), 
we therefore see that D,/(a,,a,) = D/(a,,4,)o,, and similarly D,/(a,,4,) = 
D(a,,4,)07, (all this is valid if / is simply supposed to be differentiable in A). 
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As the mapping (v,#) > vow of Y(E, xX Ey; F) x AGB aid, ¢< Sa) Oe) 
L£(E,; F) is continuous ((5.7.5) and (5.5.1)), the continuity of D,f and D,/ 
follows from that of Df; finally, as (t,,t3) = %(t) + ta(t2), we have (8.9.1. Aye 


b) Sufficiency. Write 
fay + ty.4g + te) — fay,49) 
= (flay + tyq + ty) — [a + 8,49) + (flay F b1,42) — {(a4,42)). 
Given ¢> 0, there is, by assumption, an 7 > 0 such that, for ||4|| <7 
Wax + 449) — 141,42) — Dyf(ay.4e) || <e/|4|- 


On the other hand, we have in a ball B of center (a,,4.) contained in A, 
by (8.6.2) 


|*(ay seit ae oy) — Se ty,4) — Dof(a, + ty ,@y) * ta|| 


S ||¢2I | i a |Dof(a, + #,4, + 2 Diy == Bee |\|b 
2|) < |[éel| 


The continuity of the mapping D,/ therefore implies that there is 7’ > 0 
such that for ||f|| <7’ and ||¢,|| <7’, we have 


I|*(a, = ee 1 tll (Ay tei, he Dof (a, + 4,49) * te|| S é||tg|| 
and on the other hand 
|[Dof(ay Se Oa Dof(41,42) || << 
hence, by (5.7.4) 
|Dof(a, + 44,49) +t Dof(44,42) ° te|| < | |ts||.- 


Finally, for sup (||4]|], 


|t.||) < inf (7,7) we have 


(ay + ty,4y + ty) — f(ay,42) — Dyf{ay,49) «4, — Dof{4y,49) ° to|| 


< 4e sup ((|2 


1/|> |All) 
which proves (8.9.1.1); the continuity of D/ follows from the fact that 
(8.9.1.1) can be written Df —= Di jor) Dyas and inom (a7 3): 


Theorem (8.9.1) can be immediately generalized to a product of 
Banach spaces by induction on 7; if we combine that result with (8.2.1), 
we obtain 
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(8.9.2) Let f be a continuously differentiable mapping of an open subset A 


n 


of E= IT E; into F, and, for each 1, let g,; be a continuously differentiable 
i=] 


mapping of an open subset B of a Banach space G into E,, such that 
(g1(z),-+-08,(2)) € A for each z€B. Then the composed mapping fo(gy,...,2,) 
is continuously differentiable in B, and we have 


D(fo(gy,- + -8n)) = o (Palolen- 8x) D8 p- 


PROBLEMS 


1) Let E,F be two Banach spaces, / a continuous mapping of an open subset A 
of E into F. Suppose that for each xe A, there is an element u(x) ¢e “(E; F) such 
that, for every vector ye E, the limit of (f(x + ty) — f(x))/t when ¢ ~ 0 tends to 0 
in R, exists and is equal to u(x) + y. Suppose in addition that + — u({%) is a continuous 
mapping of A into Y(E; F). Show that / is then continuously differentiable in A and 
that u(x) = Df(x) for every xe A. (Apply the mean value theorem to the function 
t— f(~ + ty) for ¢e [0,1].) 

2) Let E be the space (¢y) of Banach (section 5.3, problem 5); let F be the complex 
Banach space (¢,) + i(c)), consisting of all sequences z = (C,)n> 9 of complex numbers 
such that lim ¢, = 0, with the norm ||z|| = sup |¢,|. We denote by F, the real 

nm 


n—> 0 
Banach space underlying F (section 5.1). Let I ¢ R be an open interval containing 0, 
and for each integer » > 0, let /, be a continuous mapping of I into C such that the 


condition lim ¢, = 0 implies lim f,(t,) = 0; this defines a mapping /: 
n> n> 


(En) > (fn(En)) of E into Fy. 
a) Suppose f is continuous in a neighborhood of 0. In order that f be quasi- 
differentiable at the point 0 (section 8.4, problem 4), it is necessary and sufficient 


that for each » the derivative f,,(0) exist and that sup {fn(0)| < + ©, 
n 


b) In order that / be differentiable at 0, it is necessary and sufficient that for every 
¢ > 0, there isa 6 > 0 such that the relation |t|< 6 implies |/,(¢) — /,(0) — f,(0)t| <ele| 
for every n. 

c) In order that the derivative /’ exist in a neighborhood of 0 in E and be contin- 


uous at 0, a necessary and sufficient condition is that there exist a neighborhood 


J cI of 0 such that: 1° each fy exists in J; 2° sup {f.(0)| < +o; 3° the sequence 
n 
(fn) is equicontinuous at the point 0 (section 7.5). (See section 8.6, problem 3.) 

a) Let fo) = emtin for every n > 1, fot) = 1. Show that fis quasi-differentiable 
at every point xe E; if u(x) is the quasi-derivative of / at the point x, show that 
the mapping (¥,y) > u(x): y of E x E into Fy is continuous, but that f is not 
differentiable at any point of E. 
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3) Let f be a continuous mapping of an open set A of a Banach space 
E into a Banach space F. Suppose that for any xe€A and any yeE, 
lim (f(x + ty) — f(x))/t = g(,y) exists in E. If, for yjeE, Ilai<n, 
i—+0,i#0 
and x,¢A, each of the mappings x > g(x,y;) is continuous at *9, show that 
n 
8(%.91 + Vo +... + yn) = Y g(%o,.¥;) (apply the mean value theorem). 
t=1 
4) Let E,,E,,F be three Banach spaces, / a continuous mapping of an open subset A 
of E, x E, into F. In order that f be differentiable at (a,,a,) € A, it is necessary and 
sufficient that: 1° D,/(a,,@,) and D,f(a,,a,) exist; 2° for any e > 0, there exists 6 > 0 
such that the relations ||¢,||< 4, ||,|| << 6 imply 


\|/(a, + ty,ay + ty) — f(a, + t1,4g) — f(ay,@_ + ty) + f (4,42) || —< €(||¢1]| a ||¢2||). 


Show that the second condition is satisfied if D,f(a,,a,) exists and there is a neigh- 
borhood V of (a,,a,) in E, x E, such that D,f exists in V and the mapping 
(%1,%_) — Doef(*,,%2) of V into #(E,; F) is continuous. 

5) Let f be the real function defined in R? by f(x,y) = (xy/r) sin (1/r) for 
(x,y) 4 (0,0), with + =| + y?, and (0,0) = 0. Show that D,f and D,f exist at 
every point (¥,y) € R?, and that the four mappings + > D,/(#,6), v > Djf(a,¥), 
x — D,f(*,6}, y > D,f(a,y) are continuous in R for any (a,b)éR?, but that f is 
not differentiable at (0,0). 

6) Let I be an interval in R, { a mapping of I? into a real Banach space E, such 
that, for any (a,,.. 4p) é I?, each of the mappings x; —> f(ay,.. 68; Xp, Ap41,-- - 4p) 
(1<7< ) is continuous and differentiable in I, and furthermore, the p functions 
D;f (1<<7< p) are bounded in I?, Show that f is continuous in I? (use the mean- 
value theorem). 


10. Jacobians 


We now specialize the general result (8.9.1) to the most important 
cases. 


A) E=R?" (resp. E= 0"). If fis a differentiable mapping of an open 
subset A of E into F, the partial derivative D,/(«,,...,«,) is identified to a 
vector of F (8.4), and the derivative of / is the mapping 


n 
(Cie kG Dc enone 
k=l 
If Df is continuous, so is each of the D,/. Conversely, if each of the mappings 


D,f exists and is continuous in A, then / is continuously differentiable 
iil gb 


10. JACOBIANS 171 


Ce Sond espe — 0 and f="), Them we can 
white, —=(O...0,), where the gy; are scalar functions defined in E, and 
by (8.1.5) / is continuously differentiable if and only if each of the q; is 
continuously differentiable; again, by case A), , is continuously dif- 
ferentiable if and only if each of the partial derivatives Dj@; (which is now 
a scalar function) exists and is continuous. Furthermore, the (total) deriv- 
ative of / is the linear mapping 


Cees) i ae 
with 


n 


n;= pe (D,p;(%, - 3 BANG As 


j= 


in other words, f’, which is a linear mapping of R* into R” (resp. of ©” 
into ©”), corresponds to the matrix (D;9;(o,.-.,0,)), which is called the 
(UcOu ena Ol} (Gr Ol @),...,@,) at (o;,...,0,). When m—#, the 
determinant of the jacobian (square) matrix of / is called the jacobian of f 
(CIiGing ere en Ulieorem (8.9.2) Specializes to 


(8.10.1) Let gy, (1 <7 <m) bem scalar functions, continuously differentiable 
in an open subset A of R” (resp. €"); let 4, (1 <i <p) be p scalar func- 
tions, continuously differentiable in an open subset B of R”™ (resp. ©”) 


containing the image of A by (9,,..-,,)i then tf 0,(x) = B,(Py(%),- ~~. Pn(%)) 
for xe A and 1 <i <p, we have the relation 


(D,9;) = (Djap;) (D,.9;) 


between the jacobian matrices; in particular, when m=n=h, we have 
the relation 


det (D,9;) = det(D,p;)det(D,¢;) 


between the jacobians. 


We mention here the usual notations f.(&,...,,), 2/08; AG... 18), 
for D,f(é,,...,&,), which unfortunately lead to hopeless confusion when 
substitutions are made (what does f(y, %) Grey (xe) mean?) the 
jacobian det(D,9,(é,,...,6,)) is also written Wig, De), 22.46,) OF 
O(Pry- + -Pn)/ (Sy + Sn): 
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11. Derivative of an integral depending on a parameter 


(8.11.1) Let 1 = [a,8| CR be a compact interval, E,F real Banach spaces, 
f a continuous mapping of 1 x A into F (A open, subset of E). Then 


B 
z) =f f(é,2)dé is continuous in A. 


Given e > 0 and z,€A, for any &e1, there is a neighborhood V(é) 
of €in I anda number 7(¢) > 0 such that for 7 € V(é) and ||z — z|| <7(é) 
\I(m.2) — KE,%)|| <e. Cover I with a finite number of neighborhoods 
V(&), and let r = inf (r(&,)). Then ||/(€,2z) — f(E,29)|| < e for ||z — 29|| <7 
and any € eI; hence, by (8.7.7) 


Ile(z) — g(20)|| < e(B — a) 
for ||z — z|| <7, q.e.d. 


(8.11.2) (Leibniz’s rule). With the same assumptions as in (8.11.1), suppose 
in addition that the partial derivative D,f with respect to the second variable 


exists and is continuous in I x A. Then g is continuously differentiable 
in A, and 


B 
= J Dpf(2)4é 
(observe that both sides of that formula are in ¥Y(E; F)). 
The same argument as in (8.11.1) applied to D,/, shows that given e > 0 


and z,€A, there exists y >0 such that ||D,/(é,z) — Df(é,29)|| <e for 
||z — 2|| <r and any &€1; hence, by (8.6.2) 


|7(E,%9 + t) — HE,29) — Dof(E,29) *é| < elle] 


for any €e€I and any ¢ such that ||t|| <7. By (8.7.7) we therefore have 


mee 


l|g(2 + #) — g(%) i (Dof(E,2o) ° t)dé|| <e(B — a) ||é||. 


B 
But by (8.7.6) and (5.7.4) we have fi CDS Se OS = ID sale > 


for any ¢, and this ends the proof. 
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PROBLEMS 


1) Let J © R be an open interval, E,F two Banach spaces, A an open subset of E, 
f a continuous mapping of J x A into F such that D,f exists and is continuous in 
J x A, « and £ two continuously differentiable mappings of A into J. Let 


(2) 
Show that g is continuously differentiable in A, and that g’(z) is the linear mapping 
(2) 
t—>( J Deaf(E.2)d§) +t + (B’(2) * )f(B(2).2) — (a2) - Of (l2),2) 
a(z) 
(apply (8.9.1) and (8.11.2)). 
2) Let f,g be two real valued regulated functions in a compact interval [a,b], 
such that f is decreasing in [a,b] and 0< g(t) <1. Show that 
b b 


ata 
, |) POS SiMeWat< f fat 


b v 
where A = J (at. When is there equality ? (Consider the integrals Jf f(Og(ae and 
a a 


a+h(y) y 
f(jdt, where h(y) = J g(tat, as functions of y, and similarly for the other 


a a 
inequality.) 
3) Let the assumptions be the same as in problem 1, except that « and # are 
merely supposed to be continuous, but not necessarily differentiable, but in addition 
it is supposed that f(«(z),z) = 0 and f(@(z),z) = 0 for any ze A. Show that g(z) is 


z 
continuously differentiable in A, and that g’(z) = f oyreaae. (Use Bolzano’s 
(2) 
theorem (3.19.8) to prove that if € belongs to the interval of extremities #(z,) and 
Biz), there is z <A such that |(z° — z5|| <. ||z — 2,|| and & = f(z’); if M is the lub. 
of ||D,f|| in a neighborhood of (8(2),29), use the mean value theorem to show that 
E21 < Mlle — all 
4) Let I = [a,b], A = [c,d] be two compact intervals in R, fa mapping of I x A 
into a Banach space E, such that: 1° for every ye A, the ‘function x > f(x,y) is 
regulated in I and for every x € I, the function y — f(%,y) is regulated in A; 2° f is 
bounded inI x A; 3° if D is the subset of I x A consisting of the points (¥,y) where f 
is not continuous, then, for every %, € I (resp. every y, € A), the set of points y (resp. x) 
such that (%9,v) € D (resp. (%,¥9) € D) is finite. 


b 
a) Show that the function g(y) = JS iey)ae is continuous in A. (If ¢ > 0 and 
a 


Yo € A are given, show that there is a neighborhood V of y, in A and a finite number 
of intervals J, CI (1<&<n) such that the sum of the lengths of the Jz, is <e 


nw 
and that, if W = I — U Jz f is continuous in W x V; to prove that result, use 
sl 


the Borel-Lebesgue theorem (3.17.6).) 
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b) Deduce from a) that 


ad b b a 
f dy f Hay)dx = fax [t(xy)dy. 


z b b iz 


(Consider the two functions z— fay J fy)dx and z—> Jax J fla y)dy for ze A.) 
c a a 


c 
5) a) Let f be a strictly increasing continuous function in an interval [0,@], such 
that /(0) = 0; let g be the inverse mapping, which is continuous and strictly increasing 


a H(a) 
in the interval [0,f(a)]. Show that ff@at = ine a — g(u))dw (apply problem 4 to the 
0 0 


function equal to 1 forO << * <a, ONS y < f (+), to Ofor0 IV ¥ Sa, f(*) <yv <f(a)). 
b) Show that if O< *<a and OS y< f(a), the following inequality holds 


x y 
480 SE file Ne udu; 
0 


the two sides are equal if and only if y = /(*). 
c) Deduce from b) the inequalities 


*Y <x logx + e¥—!} for x>0,veER; 


1 1 
LY J Axy + by! for #2 ON 2 ra 


a>0, b>0 and (pa)?(gb)? > 1. 


12. Higher derivatives 


Suppose / is a continuously differentiable mapping of an open subset A 
of a Banach space E into a Banach space F. Then Df is a continuous 
mapping of A into the Banach space Y(E; F). If that mapping is differen- 
tiable at a point x) € A (resp. in A), we say that / is twice differentiable at 
%q (resp. in A), and the derivative of Df at %p is called the second derivative 
Oly atx, aud written; (or D*7(4,). Vhisis anjelement oft ia) 
but we have seen (5.7.8) that this last space is naturally identified with the 
space Y(E,E;F) (written #,(E; F)) of continuous bilinear mappings of 
E xX Einto F: we recall that this is done by identifying ue Y(E; Y(E; F)) 
to the bilinear mapping (s,é) — (#-s)-¢; this last element will also be 
written #- (s,t). 


(8.12.1) Suppose f ts twice differentiable at x); then, for any fixed tek, 
the derivative of the mapping x > Df(x)-t of A into F, at the point xo, ts 
s + D(x) + (5,1). 
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If we observe that x — Df(x)-t is composed of the linear mapping 
u—>u-tof #(E; F) into F and of the mapping x-> Df(x) of E into Y(E; F) 
the result follows from (8.2.1) and (8.1.3). 


(8.12.2) Jf f is twice differentiable at %», then the bilinear mapping 
(s,t) + D?f(x9) - (s,é) ts symmetric, in other words 


D?f(x9) + (8,t) = D*f(%) - (5). 
Consider the function of the real variable € in the interval [0,1]: 
Ce) ag oS 4) acs) 


where s,f are such that ||s||< 47, |lé||< 47, the ball of center x) and 
radius 7 being contained in A. From (8.6.2) we get 


|g) — (0) — g'(0)|| <= sup__||e"(é) — (0) ||. 


o<é<y 


Now by (8.4.1) 
g'(E) = (f"(% + Ss + t) — f'(% + &s)) 8 
= ((f'(% + &8 + #) — f'(%)) — (f (% + €8) — F(%))) *S- 


By assumption, given e > 0, there is 7’ <yr such that for ||s|| < 47’, 
\|¢|| < 47’, we have 


II (%o + 8 +f) — (49) — F'(%0) * (E83 + |] < e((||s]] + [[4|)) 


and 
Ii’ + &s) — (xo) — £”(%0) * (Es) || <ells|| 
hence 
lle (E) — (F'(%o) 4) + |] < 2e||s]] - ({fs|] + 141) 
and therefore 
|}@1) — @(0) — (f''(%») * 4) + s|| < 6e/|s||(||s]| + ||4]))- 
But g(1) — g(0) = f(% +s +8) — f(% +4) — f(% +s) + H(%) is sym- 


metric in s and #, hence, by exchanging s and #, we get 


[If (#0) + 4) «8 — (F(%) + 8)» el] < 6e([s|] + 411)? 
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Now this inequality holds for ||s||< 47’, ||| < 47’; but if we replace 
s and ¢ by As and At, both sides are defined and multiplied by |A|?, hence 
the result is true for a// s and ¢ in E, in particular for ||s|| = ||é]| = 1, which 
proves (by (5.7.7)) that 


I|/""(%0) + (458) — f°") ° (s.4)}| < 24el|s|| - [41] 
for all s and ¢; as « is arbitrary, this ends the proof. 
In particular, 


(8.12.3) Let A be an open set in R” (resp. C"); tf a mapping f of A into a 
Banach space F is twice differentiable at x9, then the partial derivatives D,f 
are differentiable at x9, and 


D,D,f(%9) == D,D;f(%9) 


woe Weep a, We 

We have only to use (8.12.1) for special values of ¢, and to observe that 
for s=(¢), ¢=(7,), the value of D775) (5,2) = (7/0) se ae 
2 (D;Djf(%o)) 5:07; (see (8.10). 
ij 

By induction on ~, we now define a # times differentiable mapping / 
of an open subset ACE into F as a (p — 1)-times differentiable mapping 
whose (p — 1)-th derivative D’~'/ is differentiable in A, and we call the 
derivative D(D?~'/) the p-th derivative of f, which is written D?/ or /. 
The element D?/(x9) is identified to an element of the space ¥,(E;F) of the 
p-linear continuous mappings of E into F, and we write it 


pee us = Aa ine cade 


As in (8.12.1) we see that the mapping 


by > Die) Gt oe 
is the derivative, at %), of the mapping 
> DP Ya) » (fey 


=) 


(8.12.2) generalizes to 


(8.12.4) If f is p times differentiable in A, then the multilinear mapping 
D?f(x) is symmetric for each x EA. 
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This is proved by induction on p. Let ¢s,...,f, be fixed, and consider 
the mapping x — g(x) = D?~ */(x) - (t5,.. .,t,); from the preceding remark 
it follows that the second derivative of g at x is 


(t1,t9) —> D? f(x) : (ty to,ty,- . stp) 


hence by (8.12.2) 
(8.12.4.1) ID AGO? atitinse ood) = Dae Casati oon 


On the other hand, for any permutation o of the set of indices {2,3,...,p}, 
the inductive hypothesis yields 


D?~ Nf (%) » (lo ayrbacay + + « foipy) = DP ~"/(2) + (tasty, - - stp) 


and taking the first derivative of both sides (where the ¢; are fixed), we 
obtain 


(8.12.4.2) DP f(x) * (ty strays + + statpy) = DP L(%) * (tata, - - - stp) 


Combining (8.12.4.1) and (8.12.4.2) we first see that D?/(x) - (4,,f,.. ..t)) 
does not change when the index I is exchanged with any other index, and 
also when any two of the indices = 2 are exchanged; but these transposi- 
tions generate any permutation of the indices 1,2,...,p, q.e.d. 


(8.12.5) Jf fis m times differentiable and D™/ 1s n times differentiable in A, 
then f is m + n times differentiable in A, and D”™*"f = D"(D™f). 


This is the definition when = I, and is proved immediately by induc- 
tion on ”, applying the definition. 


(8.12.6) Suppose f = (f,,..-,f,,) 78 4 continuous mapping of an open subset A 
of E into a product F, x ... X F,, of Banach spaces. In order that f be p 
times differentiable in A, it 1s necessary and sufficient that each f; be p times 
differentiable in A, and then D?{ = (D?},,...,D*F,,). 


This follows from (8.1.5) by induction on #. 


(8.12.7) Let A be an open set in R” (resp. ©"); tf a mapping f of A 
into a Banach space F is p times differentiable, then, for t; = (&;) 
(i ,  ) We have 


DG) (ooutyh—= 28) JED ID Meas yee 


Guia + tp) 
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the sum being extended to all n? distinct sequences (j,), <k<p Of integers from 
[1,2]. 


This is immediately proved by induction on #, using (8.10). The 1? 
elements D,D,.. Dj f(*) are called the partzal derivatives of order p of | 


at x; any two which differ only by a permutation of the indices are equal 
by (8.12.4). We say that / is p times continuously differentiable in A if Tbe 
exists and is continuous in A. 


(8.12.8) Let A be an open subset of R” (resp. 0”), { a continuous mapping 
of A into a Banach space F; if the n° partial derivatives of f exist and are 
continuous in A, then f is p times continuously differentiable in A. 


For p = 1, this is (8.9.1) (extended to a product of spaces); in general, 
we only have to use induction on # and the formula (8.12.7). 


We say that f is indefinitely differentiable in A if it is fp times dif- 
ferentiable in A for any #; all the derivatives D?f are then indefinitely 
differentiable in A. 


Example. — (8.12.9) Any continuous bilinear mapping 1s indefinitely 
differentiable, and all its derivatives of order 2 ade 0) 


From (8.1.4) it follows that the derivative of a bilinear continuous 
mapping at (x,y) is (s,4) > [x-¢] + [s+]; write BX) 6 2 eG) 
that linear mapping; by assumption and (5.5.1), there exists c > 0 such 
that ||[*- y]]| <e|[x||- |ly]] in E x F; by definition of the norm in 
(Bx EG) (577.1), we have 


lle(#.9) I] S e(||]] + |[|]) < 2e sup ((|x]],]y]) 


hence g is a continuous linear mapping of E x F into Y(E x F;G), and 
therefore (x,y) + [%- y] is twice differentiable and its second derivative 
at (x,y) is (by (8.1.3) and (8.12.1) 


(Sita), (Sesto) > [y+ 4g] + [59° ty]. 
This is a mapping independent of (x,y), hence the result. 


(8.12.10) Let E,F,G be three Banach spaces, A an open subset of E, B an 
open subset of F; if fis a p times continuously differentiable mapping of A 
into B, g a p times continuously differentiable mapping of B into G, then 
h = gof is a p times continuously differentiable mapping of A into G. 
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For p= 1, the result follows from (8.2.1) and from the fact that 
(u,v) > vow is a bilinear continuous mapping of #(E; F) x ¥(F; G) into 
2£(E; G) by (5.7.5). Use now induction on p; as h’(x) = g’(f(x))of’(x), and 
f and g’ are p — | times continuously differentiable, the induction hypoth- 
esis shows that g’of is ~—1 times continuously differentiable; from 
(8.12.6) and (8.12.9), it then follows that h’ is p — 1 times continuously 
differentiable, hence / is p times continuously differentiable by (8.12.5). 


Example. — (8.12.11) Suppose there is a linear homeomorphism of a 
Banach space E into a Banach space F, and let # c #(E; F) be the open 
set of these homeomorphisms in #(E; F) (8.3.2). Then the mapping « — u—1! 
of # onto #1 is indefinitely differentiable. 

We prove by induction on # that u > u71 is p times differentiable, 
the propetty being true tor p — | by (8.3.2). Given v and win 7(P; E) — M, 
let f(v,w) be the linear mapping ¢ + — votow of L = #(E; F) into M; it 
is clear that fis bilinear (and maps M x M into #(L; M)) and (5.7.5) proves 
that ||/(v,w)|| < ||v||- |||, hence / is continuous, and therefore indefinitely 
differentiable by (8.12.9): Now the first derivative of u > u—1is, by (8.3.2), 
the mapping wu > f(u-1,u—-}); by (8.12.6) and 8.12.10) it follows that if 
“u—>u-is p times differentiable, so is « > f(u—1,u-1), and therefore, by 
(8.12.5), « +u-l is p-+ 1 times differentiable. 


Remark. — When / is a mapping of an interval JCR into a real Banach 
space F, we have defined earlier (section 8.4) the notion of derivative of / 
at &, € J with respect to J. By induction on p, we define the p-th derivative 
of f at &, with respect to J, as the derivative at & (with respect to J) of the 
(p — 1)-th derivative of f (which is therefore supposed to exist in a neigh- 
borhood of &, in J); it is an element of F, written again D?/(&) or fP(E5); 
if & is interior to J, the p-th derivative, as defined for general mappings, 
coincides with the multilinear mapping (¢),...,¢,) ae ANG (Eye ob 
R? into F. 


PROBLEMS 
1) Let f be a p times differentiable mapping of an interval IC R into a Banach 


a 
space E. Show that for any ¢¢I such that 7 el 


1 1 1 
sme) 


(use induction on 7). 
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2) a) Let p the function defined on R by the conditions: 


1 1 


ni) = o(—7 4 for -l<t<l 


p(t) =0 for t<—1 or & = Il, 


Show that the function p is indefinitely differentiable in R. (Use the relation 
lim 2%e—* = 0 for any x > 0.) 
t+ 0 
b) In this problem, we agree to extend any regulated function f defined in a 
compact interval [a,b] of R, to the whole of R, by giving it the value 0 for ¢ < a and 


+ co b 
for ¢ > 6; we then write Jf feat for the integral J fat, which is also equal to 
= oO a 


ad 
J f@dt for e<a and d>b. 
c 
For any such function f, let 


+00 


+0 
fn(t) = ne Jf f(s)p(n(t — s))ds = ne J He — s)p(ns)ds 


— 2 
i) 

where I/¢ = if p(é)dt (“regularization”’ of f by p; we write p,(#) = p(nt) andj, = f x Pn). 
-1 


Show that /,, is indefinitely differentiable and vanishes in the complement of a compact 
interval (use (8.11.2)); if f is real and increasing (resp. strictly increasing) in [a,b], 


then /, is increasing (resp. strictly increasing) in E +—, b——|. If f (extended 
n n 


to R) is p times continuously differentiable, then 


DPf,(t) = ne f (DPf(s))p(nlt — s))as 
+0 
= ne f (DPf(t — s))p(ns)ds 
c) Show that for any x, “T faltae = Wore 


d) If f (extended to R) is continuous (resp. p times continuously differentiable), 
then the sequence (/,) (resp. D?f,,) converges uniformly in R to f (resp. DPf). 


e) To what limit does /,(t9) (‘9 € R) tend when # is only supposed to be regulated 
in [a,b] (first consider the case in which f is a step-function, then use (7.6.1)). 


f) Show that for any regulated function f in [a,b], 
b 

lim [{f( — f,()|dt = 0. 
RnR >O a 


3) Let f be an » times differentiable real function defined in ]—1,1{ and such 
that |f()| <1 in that interval. 
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a) Let m (J) be the smallest value of |/(*)(#)| in an interval J contained in ]—1,1|, 
Show that, if ] is decomposed into three consecutive intervals J,,J,,J3, and if J, 
has length pw, then 


1 
mr(J) < a (mz —1(Ji) + ma —1(Js)) 


(use the mean value theorem). Deduce from that inequality that if J has length A, 


gk(k+1)/2 pr 
mJ) S ee 
(use induction on &). 

b) Deduce from a) that there exists a number a, depending only on 7, such that 
if \f(0) | >a, f(t) = 0 has at least » — 1 distinct roots in }—1,1[. (Show by 
induction on # that there is a strictly increasing sequence %,1 <%,9 <<... <#z,k 
of points of J]—1,1[ such that /"(x,,)/"(2_241) < 0 for L<iqk—1; use 
Rolle’s theorem,) 


4) Let E,F be two Banach spaces, A an open subset of E, f an ” times differentiable 


mapping of A into F. Let %eA, FEE (lL< i<n) be such that % + 5 Eh; EA 
t=1 
for O< &§;< 1, lxi<n. We define by induction on &k (l= kk <x) 
Af (x9 5hy) = f(% + Ay) — f (40) 
AP (xq shy). » R) = A*~ "ep (x qihy - he —1) 
with 
Ba(*) = f(% + hy) — f(*)- 
a) Show that 


[|A (x05 - An) |] < [lal + [lel - -|IFnlisep||D"/42) | 


n 
where P is the set of points % + 2 &hj,0< 6 <1. (Use induction on 1.) 


t=1 
b) Deduce from a) that 


[LA"F ao sleys- <oten) — DH) * Cray + on) |] < [all [loll -- [nl lsup|D"7@) — D"}(4)||- 


5) Let f be a continuously differentiable mapping of an open subset A of R? into 
a Banach space E. Suppose that in a neighborhood V of (a,b) ¢ A, the derivative 
D,(D,/) exists and is continuous. 

a) Let (%,y)¢€V; show that for every ¢ > 0, there exists 6 > 0 such that the 
relations |k| < 6, |k| <6 imply 


[|A°s(4,452,2) — DD, /(¥,y)AR|| < elAh| 
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(apply the mean value theorem to the function 


8(t) = f(¥ + Ly + kh) — fle + ty) — D,Dj f(x,y) th 


and use (8.6.2)). 
b) Prove that D,(D,f) cxists in V and is equal to D,(D,f) (use a)). 


c) Give an example of a function f satisfying the previous assumptions and for 
which D,(D,f) and D,(D,f) do not exist anywhere (see section 8.4, problem 1). 


6) Let f the real function defined in R? by the conditions /(0,0) = 0, (Ep) = 
= xy(x? — y?)/(v? + y?) for (x,y) 4 (0,0). Show that all four derivatives 1D, (2). 
D, (Def), Da(Dyf), Dy(D,f) exist everywhere in R? but that D,(D,f) ~ D,(D,f) at the 
point (0,0). 


7) The notations are the same as in problem 2 of section 8.9. Let g,,() = ¢/(1 + ntl), 
t 

and },(t) = J gnlujdu for every ¢€R. Show that the function f: (&,) > (fnlEn)) is 
0 


continuously differentiable in E, and that for each y = (7,) € E, the mapping 
x —» f'(x)-y is differentiable at x = 0, but that f’ is not differentiable at that point 
(compare (8.12.1)). 


8) Let E,F be two Banach spaces, A an open subset of E, Bea) the vector 
space of p times continuously differentiable mappings of A into F, such that f and 


all its derivatives D¥f (1 << p) be bounded in A. For any fe GA), let 


IIAllb = 1 (NAC) || + [IDA(#)|| +... + [EDP Aa) I); 


show that ||/||, is a norm on Beary for which that space becomcs a Banach space 


(use (8.6.3)). The mapping { — Df is a continuous linear mapping of Bea) into 
aie) (A) (resp. in 62 A) for p = 1). 

Aint ) (resp Pegs ) P ) 

9) Let E,F,G be three Banach spaces, L,M,N the Banach spaces GPR), Zen, 
G?(E) respectively. For feL, geM, let Gif.) = gof EN. 


a) Let (f9,8) €L x M. Show that if Dg, is uniformly continuous in F, the 
mapping ® is continuous at (f9,g)) (use induction on p). lf E,F,G are finite dimen- 
sional, ® is continuous in L x M (use (3.16.5)). 


b) Let Ne= DEE) for 1k <p with BOB) = G2(H). Show that, 
as a mapping of L x M into N,, @ is continuous at every point; in order that ® 
(as a mapping of L x M into N,) be differentiable at (foo), it is sufficient that DPg, 
be uniformly continuous, and the derivative D@® is the linear mapping 


(u,v) > ((Dgo)°fo) > « + Vf. 


c) Let U; be the linear mapping g — gof of M into N; show that U; is continuous, 
We may also consider U, as an element of Y(M; N,) for any k <p. Show that the 
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mapping {— U; of L into L£(M;N,) is continuous, and that the mapping /— U; of 
L into Y(M;N,) is differentiable, the element DU,;e #(L; Y(M; N,)) being the 
bilinear mapping (u,v) —> ((Dv)of) > u. 

d) Deduce from b) and c) that as a mapping of L x M into N,, ® is k — | times 
differentiable. 


10) Let f be a real valued twice differentiable function defined in an open subset A 
of a Banach space E. Suppose that at a point x) ¢ E there is a constant ¢ > 0 such 
that Df(¥)) = 0 and D(x): (44) << — e||¢|[? for every te E. Show that / reaches 
a strict relative maximum (section 3.9, problem 6) at the point #. If E is finite dimen- 
sional, the preceding condition can be replaced by the condition D?f(%9)° (t,t) < 0 
for any ¢t ~ 0 in E (use the compactness of the sphere = ae 


11) a) Let f be a real valued function defined in an open interval ICR, and 
differentiable in I; let [a,b] ¢ 1, and suppose f” exists in the open interval ]a,[, 
but /’ is not necessarily supposed to be continuous at a and 6 (cf. section 8.7, problem 6). 
Show that there exists c € ]a,b[ such that f’(b) — f(a) = (b — a)f’’(c) (use problem 3 
of section 8.5). 


b) What is the corresponding property for functions defined in I and with values 
in a Hilbert space (see section 8.5, problem 6) ? 


13. Differential operators 


Let A be an open set in R” (resp. ©”), F a real (resp. complex) Banach 
space; we denote by &)(A) the set of all p times continuously dif- 
ferentiable mappings of A into F. It is clear by (8.12.10) that E')(A) 
is a real (resp. complex) vector space; and, more generally, (8.12.10) shows 
that (A) (resp. &@(A)) is a ring, and &%)(A) a module over that 


n 
ring. For any system (%,..-,%,) = @ of integers > 0 with |a| = 2a; <p, 
i= 


lems = Ais. De? and define D* or Dy, as the mapping D?D>°. . OR 
of &?)(A) into &(e— le) (A). A linear differential operator is a linear combina- 


tion D = a,D* where |a| <p and the a, are continuous scalar func- 


a 


tions defined in A; if a,—0 for || > and each a, is (pb — k) times 
continuously differentiable, D maps & (A) linearly into &~"(A). 


(8.13.1) If the operator Xa,D° is identically 0, then each of the functions a, 


is identically 0 in A. 
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Write D/= © for /(#) = e-exp (Ae ee) ete = 0s 
in F and the 4, are arbitrary constants; we obtain (by (8.8) and (8.4.1)) 


C7 (2a (4) ML (Aina, Ag el Ane a ante eee mn 


a 


identically in A, which is equivalent to Ya,(x)M,(4,,...,4,) =0; for any 


a 


particular x € A, this implies a,(x) = 0 for each a, since the A, are arbitrary. 


The coefficients a, of a linear differential operator are thus uniquely 
determined; the highest value of |a| such that a, 0 is called the 
order of D. 

To each polynomial P = Xb,M, of degree < p with constant coefficients 


a 


we can thus associate a linear operator D, = X0,D* of order <p; it is 


clear that Dp ,p, = Dp, + Dp,, and it follows from (8.12.3) that if P,P, 
has a total degree < f, then Dp.p, = Dp,Dp,. In particular, from (8.12.7) 


it follows that for fixed &,,, the operator f - D/, where 


ap 
Iyiee) == De (¢,,- +» stp) 
can be written 


p 
TG 0.3 + BDL) 


t=1 


(8.13.2) (Leibniz’s formula). Let P(X,,...,X,,) be a polynomial of degree <p, 

ana suppose P(X, V),...,X, 4+ ¥,)—2),Mx XM, (eee 
k 

the M, and M,’ being monomials. Let (x,y) > [x+y] be a bilinear contin- 

uous mapping of E x F into G. Then, for any mapping f € €%)(A) and 

any mapping ge &P(A), [f+ g] belongs to &®)(A) and we have 


Delf: g] = 2y, [Dy// : Dy,”8]- 
k 
It is enough to prove the formula when P is a monomial M; using 
induction on the total degree of P, we can suppose P= X,M, hence 


Dp = D;Dy. We have by assumption 


Dil él ae [Dyu,// : Dy,8] 
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hence by (8.1.4) 
Dplf-g] = Zyl (DDuyf Days] + Duyf DDuyr8) 
which we can write 
Syp{Dyyf Dy, 


the summation being extended over all pairs of monomials 


Late 


(Cee a eee) 


n. 


such that either N, = X,M, and N, —M, for an index k, or N, = M, 


and N, = Y,M, for an index k; there is exactly one such index k for 
each suitable index h, and we have y, = y,. The result is then obvious. 


PROBLEMS 


1) Let A be an open subset of R”, E,F,G three Banach spaces, (*,v) > [x- y] 
a continuous bilinear mapping of E x F into G. Show that the mapping (/,g) > if: g] 


of GEA) x GEA) into Y'P)(A) (section 8.12, problem 8) is continuous. 

2) Let I be any compact interval in R, J an open neighborhood of I. Show that 
there exists an indefinitely differentiable mapping / of R into [0,1], which is equal 
to 1 in I and to 0 in the complement of J (consider the functions g*p, (section 8.12, 
problem 2) where g is equal to I in a compact interval K such that 1c Kc J, and to 0 
in R — K). 

If u is an indefinitely differentiable mapping of R into a Banach space E, show 
that there exists an indefinitely differentiable mapping v of R into E such that 
v(t) = u(d) in I, v(t) = 0 in R— J. 


14. Taylor’s formula 


(8.14.1) Let I be an open interval m R, fg two functions of &{)(1) and 
G1) respectively, (x,y) > [%- y] @ continuous bilinear mapping of E X F 
into G. Then 


Dl el 
= D(a soe rae 


This is immediately verified by application of (8.1.4). 


186 VIII. DIFFERENTIAL CALCULUS 


(8.14.2) Let I be an open interval in R, f a function of &)(1); then, for 
any pair of points a,& in I 


SS» (See vt (¢ — a) : —1 
HO Ne ey Ne a ee 
5 
(§ — 6)? 73 
+| ame 


Apply (8.14.1) to the bilinear mapping (A,~) — Ax and to the function 
g(¢) = (£ — £)?-“"/(p — 1)!, and integrate both sides between « and é. 


(8.14.3) Let E,F be two Banach spaces, A an open subset of E, f{ a p times 
continuously differentiable mapping of A into F. Then, if the segment joining 
x andx+ tis in A, we have 


J ay = Es) a ie — W) 


Ket) = H+ tt ole) OP + te 


1 


re ae 
el (eee =a cat) - (6) 


where t") stands for (t,t,...,t) (R times). In particular, for every e > 0, there 
ts y > 0 such that for ||t|| <7 


Ne +9) = Fa) — FP) Pe). = Fp) 0 
<e||é]/. 


To obtain the first formula, apply (8.14.2) to the function g(€) = f(x -+ &t) 
in the interval [0,1]; by (8.12.10), g is # times continuously differentiable, 
and it is immediately seen by induction on & that gl(£) = f(x” + &t)- 4), 
using (8.4.1) and (8.1.3). To get the second formula, observe that by 
continuity of #”), y can be chosen such that [/P'(% + ft) — #"(x)|| < ple 
for 0 <¢ <1 and ||‘|| <7. Then the mean value theorem (8.7.7) yields 


| i Ox + Cede — 5 fa) | Se 


and the conclusion follows from (5.5.1). 
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PROBLEMS 


1) The n-th Legendre polynomial is defined by 


Pr) = D"((e — 1)”). 


erp) 

a) Show that up to a positive factor, P, is the »-th term in the sequence obtained 
by orthonormalization in the prehilbert space @¢(I), with I = [~1,+1], from the 
sequence (i) (6.6). (To prove that the scalar product of P,,(f) and of the /” with m < n 
is 0, use (8.14.1)). 

b) Show that P,(1) = 1, P,(—1) = (— 1)” (use (8.13.2)). 

c) Show that between three consecutive Legendre polynomials there is the 
following recursive relation 


ed) = Cp = Wes AD) ee = We 80) =o 


(Observe that if c, is chosen such that P,(#) — c,#P,—1(#) has degree <n — 1, it 
is orthogonal to the t® with k < nm — 3, hence must be a linear combination of P, _9 
and P,— 4; use also b).) 

d) Show that all the roots of P, are real and simple and in J—1,1{ Gf 
P,, changed sign at k <<» —1 points only in ]—1,1[, there would be a polynomial 
g(t) = (¢ — 4)... (6 — te) such that P,(Ag() > 0 for —-lert<l,; show that this 
leads to a contradiction with the fact that P,,(#) is orthogonal to t® for h <n). 

e) Show that P,, satisfies the differential equation 


(1 — #)P, (é) — 24P,,() + n(n + 1)P,@) = 0 


{show that D((1 — #2)P,,(#)) is orthogonal to i* for k <n). 
2) a) Let f be a twice differentiable mapping of I = [—a, +a] into a Banach 


space E; let My = sup |jf(é)||, M, = sup ||/’(4||. Show that for each tel 
tel pel 


M f2 4 @? 
Wr Oll <— + M, 
a 2a 


(use Taylor’s formula to evaluate each of the differences fla) — f#(), f(— a) — fF). 
b) Let { be a twice differentiable mapping of an interval J (bounded or not) into E; 


show that ifM, = sup ||f(/)|| and M, = sup \|7’’(2)|| are finite, so is M, = sup AGE 
tej tej teJ 


and that 


M,<2|/MjM, if the length of J is > 2 |/M,/M, 
Ca efits. 
M,<V2M.M, if J = R (use a)). 


Prove that in these two inequalities, the numbers 2 and \2 cannot be replaced by 


smaller ones. (If /’ is merely supposed to have a derivative on the right ta in J, the 
inequalities (*) can actually become equalities, when /’ is piecewise linear; apply 


then problem 2 d) of section 8.12.) 
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c) Deduce from b) that if f is p times differentiable in R and if My = as |F(4)]| 


teR 
and M, = sup ||/')(2)|| are finite, then M, = sup \|/)()|| is finite for lS k <p — 1, 
teR teR 
and that 
(**) M, < 2#— 2 My" pl? 


(Use induction on p; first apply the inductive hypothesis and the first inequality (*) 
to show that the supremum of ||/’’(é)|| in a large interval cannot be too large, using 
also problem 2 of section 8.12. Then use the second inequality (*) to prove (**) by 
induction.) 


3) Let E,F be two Banach spaces, A an open ball in E (or the whole space E). 
Show that in the space BPA), the norm 
sup ((|f(*)|| + ||D?f(#)I)) 


xeEA 


is equivalent (5.6) to the norm ||f||, defined in problem 8 of section 8.12 (use the result 
of problem 2 c)). 

4) Let E be a Banach space, (¢,) an avbitrayy sequence of elements of E. 

a) Show that there exists a strictly decreasing sequence (a,) of numbers tending 
to 0, and a sequence (u,) of indefinitely differentiable mappings of R into E, having 
the following properties: 1° u,(¢) = 0 for |¢| > a,; 2° \ju? (|| < 1/2” for |t| << a,44 
and 0O< hn — 1; 37 ul G) =O for <x a,c; and Rem 1 4 a, (Oeerce 
(Use problem 2 of section 8.12). 

b) Deduce from a) that there exists an indefinitely differentiable mapping /f of R 
ito E such that /(0) = c, for every x. 

c) Prove in the same way that, given an arbitrary family (¢,) of elements of E, 
where @ = (a,...,%,) ranges through all systems of p integers a; > 0, there exists 
an indefinitely differentiable mapping f of R? into E such that D%/(0) = c, for every a. 

d) Deduce from b) that if g is an indefinitely differentiable mapping of a closed 
interval 1c R into E, and J an open interval containing I, there exists an indefinitely 
differentiable mapping / of R into E which coincides with g in I and with 0 in R — J. 

5) Let 7 be a mapping of an interval IC R into a Banach space E, and suppose f 
is n times differentiable at a point a¢1. Show that 


os —s 
a (ne — 10-10 Je eee Yeap =0 


E—>a, 4a, fel 1! ni 


(use induction on ” and (8.5.1) with o(é) = (& — a)"—}). 


6) Let 1c R be an interval containing 0, f an » — 1 times differentiable mapping 
of I into a Banach space E. Write 


t m—1 
10 = 10) + FO + oo + 1 MO ful 


which defines f, in I — {0}. 
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a) Show that if / is » + p times differentiable at ¢ = 0, fy, Can be continuously 
extended to I and becomes a function which is » + p — 1 times differentiable at all 
points ¢~ 0 in a neighborhood V of 0 in I, and # times differentiable at ¢ = 0; 


(yn = ee (P+ By ik 
furthermore f,, (0) =-———— / (0) forO Ck < Pp, and lim ila (dt = 0 
(x + h)! t—+0,t#0,teV 
for 1<k<n-—1. (Express the derivatives of /, with the help of the Taylor devel- 
opments (problem 5) of the derivatives of /, and use problem 2 of section 8.6.) 
b) Conversely, let g be an » + p — 1 times differentiable mapping of I — {0} 


into E, such that lim gett) exists for OS k<xn— 1. Show that 
t—+0,t#0,tel 


the function g can be extended to a p — | times differentiable mapping of 1 into E, 
and that the function g(é)é” is » + p — 1 times differentiable in I; if furthermore 
g(P)(0) exists, then g(/)/ is n + p times differentiable at 0. 

c) Suppose I = ]—1,1{[, and suppose f is even in 1, ie. f(— 24) = f(t). Show, 
using a) and b), that if f is 2” times differentiable in 1, there exists an m times 
differentiable mapping / of 1 into E such that f(f) = h(t?). 

7) a) Let f be an indefinitely differentiable mapping of R” into a Banach space E. 
Show that 


f(4y--%n) = f(0,...,0) + f(b. - Xp) + %efel%a,---4%n) + oe + Xnlbnl%n) 


where /, is indefinitely differentiable in R*-Ftl 1 <ck<n). (Write f(x... ..%) = 
CG ta) — 10.25. <= 4a) + {(0,%,..-»%n) and apply (8.14.2) to the first summand, 
considered as a function of x,; with a suitable value of p (depending on &}), this will 
prove that (f(4,.--.%n) — £(0,%2,-- .,¥,))/4, is k times differentiable at (O,. 0 ol) 
finally, use induction on 7.) 

b) Deduce from a) that for any p > 0, 


f(x) = ZL t.. an" fal) 
jal<p 
where all the /, are indefinitely differentiable. 

8) Let S be a metric space, A,B two non empty subsets of S, M a vector subspace 
of the space @p(S) of real continuous functions in S, N a vector subspace of M, 
u — L(u) a linear mapping of M into the space R4 of all mappings of A into R. We 
suppose that: 1° there exists a function u, € N such that L(u) is the constant lon A; 
2° if «EN and there is a f€B such that u(¢) = 0, then there is x€A such that 
(L(w))(z) = 0. 

Let v € M such that L(v) = 0; show that for any function « €M such that u—veN, 
and any /€B, there exists 6 € A (depending on #) such that u(t) = v(t) + uo(é)(L(u)) (4). 
(Observe that u(t) # 0, and therefore there is a constant c (depending on #) such that 
u(t) — v(t) — cug(t) = 9.) 

b) Suppose S is compact, A is connected and dense in S, and all functions ue N 
vanish on S — B. Suppose that L(w) is continuous in A for every u €M, and that ifa 
function u € N is such that (L(u))(é) > 0 for any 7€ A, then « has no strict maximum 
on B. Show that in such a case condition 2° of a) is also verified. 

9) a) Let / be an m times differentiable real function defined in an interval 1; 
ee ee a points of I, ; (li<i<p) integers >0 such that 
NM +My +... + Mp =H. Suppose that at each of the points %;, (og) = 0) for 
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0<k<n;— 1. Show that there is a point & in the interval Ja,,%p[ such that 
f"-1)(£) =0 (apply Rolle’s theorem iteratively). 

b) Let g be an a times differentiable real function defined in I, and let P be the 
real polynomial of degree » — 1 such that e*)(x) = P(x) for OS kn; — 1, 
1<i<p. Show that for any «eI, there exists € in the interior of the smallest 
interval containing x and the #; (l1<7< p), such that 


(Se) eg) xp) P 


gi")(é). 


eG) = Ea 
n\ 
(Use problem 8 a), or give a direct proof, using a) in both cases.) 
10) Let g be a real odd function, defined and 5 times differentiable in a symmetric 
neighborhood I of 0 in R. Show that, for each x el 


x 
g(x) = ae) ++ 2g’(0)) — —— gl®)(E) 


where & is a number belonging to the open interval of extremities 0 and ¥. 
Deduce from that result that, if f is a real function, defined and 5 times differen- 


tiable in [a,b], then 


BS ae (rae 
(0) — Ha) = —— Lr + £(0) + 4f | =e 


with a < & < b (“‘Simpson’s formula’’). 
11) Let I = [a,b] be a compact interval, and let My be the vector space of real 
continuous functions defined in I and such that, for any ¢€ Ja,b[, the limit 


(L(A) = lim (ft +h) + f(t — A) — 2f(Q)[h? 
h—>0,440 


exists in R. All real functions which are twice differentiable in I belong to Mo. 

a) Let M be the vector subspace of My consisting of functions f for which Lif) 
is continuous in ]a,b[. Show that any function of f € M is twice differentiable in Ja,b[ 
and that L(f) = /’’. (Use problem 8 a) and 8 b), taking S= 1, A = B =]a,b[, and 
for N the subspace of M consisting of functions f for which f(a) = f(b) = 0.) 

b) Show that the function /(¢) = ‘cos (1/t) belongs to Mg, although it is not 
differentiable at ¢ = 0. 

12) What are the properties of functions with values in a Hilbert space which 
correspond to the properties of real functions discussed in problems 9 b), 10 and 11? 
(Cf. section 8.5, problem 6.) 


Chapter IX 


Analytic Functions 


In this Chapter, we have tried to emphasize the most general facts 
pertaining to the theory of analytic functions, and in particular to state 
as many results as possible for analytic functions of any number of variables; 
until section 9.13, the theorems which concern only functions of one 
variable are inserted in a context in which they appear as technical inter- 
mediates to the general statements; it is only in sections 9.14 to 9.17, 
and in many problems in this Chapter and the next one, that we really 
deal with properties special to the one variable case. Furthermore, we 
have discussed simultaneously the case of analytic functions of real va- 
riables and of analytic functions of complex variables as long as it can be 
done (i.e. until section 9.5). Finally, we have kept throughout our general 
principle of dealing from the start with vector valued functions; as usual, 
this does not require any change in the proofs, and the reader will see in 
Chapter XI how useful the consideration of such functions can be. 

Of course, one can only expect to find here the most elementary 
part of the very extensive theory of analytic functions. The definition is 
given by the local existence of power series representing the function, and 
it is by the technique of power series that the differential properties of 
analytic functions are obtained (9.3.5) (the usual definition of analytic 
functions by the existence of continuous derivatives only applies, of course, 
to functions of complex variables, and therefore that characterization 1s 
postponed until section 9.10). The fundamental results about power series 
are Abel’s lemma (9.1.2) — from which is derived the vital possibility of 
substituting power series into power series (9.2.2) — and the principle 
of isolated zeros (9.1.5), whose most important consequence is the prin- 
ciple of analytic continuation (9.4.2), which expresses the “solidarity” 
between the values of an analytic function at different points of the domain 


where it is defined. 
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From that point on, we have to assume that the variables are complex; 
with the exception of the principle of maximum (9.5.9), all additional 
properties of analytic functions of complex variables derive from a single 
new idea, that of “complex integration’, and from its fundamental 
features, Cauchy’s theorem (9.6.3), Cauchy’s formula (2:91), and itsseen. 
eralization, the theorem of residues (9.16.1). The form of Cauchy’s theorem 
which we give here is not the best possible, for it expresses the integral 
along a circuit as an invariant of the homotopy class of that circuit, whereas 
in fact it is an invariant of its homology class. In most applications, however, 
this has no inconvenience whatsoever, and in contrast to the fact that 
the proof of the weak form of Cauchy’s theorem needs almost no topological 
preparation, the proof of the complete theorem would have required some 
developments of Algebraic Topology, which we feel are above the level 
of the present course. The interested reader will find the complete Cauchy 
theorem, together with all the necessary prerequisites, in Ahlfors [1] and 
Springer [21]. Instead of using more results from Algebraic Topology in 
order to obtain such refinements, we have thought it might interest some 
readers to see how, by the very simple device introduced by S. Eilenberg, 
it is possible to obtain quite deep information on the topology of the real 
plane (including the Jordan curve theorem), using merely the most 
elementary facts about complex integration; this is the purpose of the 
Appendix (which, by the way, is not used anywhere in the later chapters 
any may therefore be bypassed without any inconvenience). 


As we have announced in chapter I, the reader will find no mention 
in this chapter of the so-called “multiple-valued” or “multiform” func- 
tions. It is of course a great nuisance that one cannot define in the field C 


a genuine continuous function Vz which would satisfy the relation (/z)2 =e) 
but the solution to this difficulty is certainly not to be sought in a deliberate 
perversion of the general concept of mapping, by which one suddenly 
decrees that there is after all such a ‘“‘function’, with, however, the 
uncommon feature that for each z 4 0 it has two distinct ‘‘values’. The 
penalty for this indecent and silly behavior is immediate: it is impossible 
to perform even the simplest algebraic operations with any reasonable 
confidence; for instance, the relation az = Vz+ Vz is certainly not true, 
for if we follow the “‘definition” of Vz, we are compelled to attribute for 
z #0, two distinct values to the left-hand side, and three distinct values 
to the right-hand side! Fortunately, there zs a solution to the difficulty, 
which has nothing to do with such nonsense; it was discovered more than 
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100 years ago by Riemann, and consists in restoring the uniqueness of the 
value of Vz by “doubling”, so to speak, the domain of the variable z, so 


that the two values of Vz correspond to two different points instead of a 
single z: a stroke of genius if ever there was one, and which is at the origin 
of the great theory of Riemann surfaces, and of their modern generaliza- 
tions, the complex manifolds. The student who wishes to get acquainted 
with these beautiful and active theories should read H. Weyl’s classic [25] 
and the modern presentation by Springer [21] of Riemann surfaces, and 
H. Cartan’s seminar [8] and the recent book of A. Weil [24] on complex 
manifolds. 


1. Power series 


In what follows K will denote either the real field R or the complex 
field C; its elements will be called scalars. In the vector space K? over K, 
an open (resp. closed) polycylinder is a product of p open (resp. closed) 
balls; in other words it is a set P defined by conditions of the form 
veal 7, (resp. |z, — @|<7,), 1 <1 < $, on the point 7— (z,,...,2,), 
with 7, > 0 for every index; a —=(a,,...,a,) is the center or P, 7,,...,7, 
its vadii (a ball is thus a polycylinder having all its radii equal). 


(9.1.1) Let P,Q be two open polycylinders in K? such that PN QO; for 
any two points x,y in PN Q, the segment (8.5) joining x and y is contained 
in PN Q; in particular PN Q ts connected. 


inecdmita| a arly |, then |. (lL —)y a, | 
t\x; —a,| + (1 —2)|y,; —4,| <7, for0 <¢<1; the last statement follows 
from the fact that a segment is connected (by (3.19.1) and (3.19.7)) and 
Gramma: 1 9.3). 


We introduce the following notation: for any element » = (m,...,%,) 
ineN we siutesers == 0) and any vector 7— (z),,..,2,)eK", we write 
YS ee. mee and |p| =, +,+...+%,. If E is a Banach space 


(over K), (c,) a family of elements of E having N? as set of indices, we 


veNP 


say that the family (¢,z’) _.» of elements of E is a power series in p variables 2; 


eN 
(1<i<p), with coefficrents c,. 


(C2 eee aoe — (Oper 0,) e K? be such that b; 40 for 1 <i <p, and that 
the family (c,b’) be bounded in E. Then for any system of radii (r,) such 
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that 0 <1; < |b,| for 1 <i</, the power series (c,2") is normally summable 
(7.1) in the closed polycylinder of center 0 and radi 1, (““Abel’s lemma’’). 


For if ||c,b"|| <A for any »éN?, it follows from the definition of the 
norm in K? that if |z,| <<7;< |b;| (1 <+ <p), we have Neyz" ||| eAge with 
Q = (Gye + Ip) % = %/|b;| <1. It follows from (5.5.3) that the family 
(7’),. nD of positive numbers is absolutely summable, hence the result by 


(5.3.1). 


(9.1.3) Under the assumptions of (9.1.2), the sum of the power series (c,z") 1s 
continuous in the open polycylinder of center 0 and radi |b, |. 


As every point of that polycylinder is interior to a closed polycylinder 
of radii 7,< |0,|, the result follows from (7.2.1). 


Let g be any integer such that 1<q<p; for any »= (Wy, ate) 


Cbey = a mi yw" = (My: ee consider K? as identified 
to the product K? x K?~, and for z = (2,...,2,) € K®, write 2’ = (2,....2,), 
ne een, veligulieae notations: 


(9.1.4) Suppose the power series (c,z") 1s absolutely summable in the poly- 
cylinder P of radii r, and center 0 in K?. Then, for any v'’ EN? the series 
(Cpe | is absolutely summable in the polycylinder P’, projection of P on K%; 
let g,(2') be its sum. Then, for any 2' © P’, the power series (g,-(z"\2"”") is 
absolutely summable in the polycylinder P’’, projection of P on ee eae 
its sum is equal to the sum of the serves (c,2’). 


As 2 = ee the fact that each of the series (c, 0 ait co gee (ied) 


view ae) 


is absolutely summable, and that Beene = 2,2", follows from (5.3.5) 


and from the associativity theorem (5.3.6) for absolutely summable families. 
li we take 2’ GP “sucht that 27-- 0)for ¢@ =) the sa colie 
summability of Cane) follows. 


(9.1.5) (‘Principle of isolated zeros’). Suppose (c,2") 1s a power sertes in one 


variable which converges in an open ball P of radius 7, and let f(z) = 2L'c,2”. 
n=0 


Then, unless all the c, are 0, there is r' <r such that for 0 < |2| <1’, f(z) 0. 


Suppose / is the smallest integer such that c, 40; then we can write 
Ha) = 2", 42 4 ee ee) ace Wesericcmn cee) 
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converges in P; if g(z) =¢, + ¢,,)2 +--- + yan?” +--+, & 1S contin- 
uous in P by (9.1.3) and as g(0) =c, 4 0, there is 7’ > 0 such that g(z) 4 0 
for |z| <7’; hence the result. 


(9.1.6) Suppose two power series (a,2") and (b,2") are absolutely summable 
and have the same sum in a polycylinder P; then a, = 6, for every ¥ ENP. 


Use induction on p; for p = 1, the result follows at once from (9.1.5). 
Taking the difference of the two power series, we can assume = 0 for 


every v; applying (9.1.4) with g = p — 1, we have d' g,(2')z, = 0, hence 
n=0 

g,(2’) = 0 for every n and every 2’ in the projection P’ of P on oe etic 

induction hypothesis applied to each g, yields then a, = 0 for every ». 


PROBLEMS 


1) Let (c,2”) be a power series in p variables 2; (lic p); leta = (4,...,a,) © KP. 
In order that a real number 7 > 0 be such that, for any ¢¢ K such that |¢| < 7, the 


series (¢,(ta,)™.. « (tap)"?) be absolutely summable, it is necessary and sufficient that 
1 P 
logy + hl (log |le,|{ + 2° 2; log |a;|} < 0 
t= 1 


for all but a finite number of indices vy = (m,..-,») (apply (9.1.2). 
In particular, for p = 1, there is a largest number R = 0 (the “convergence radius’, 
which may be +00) such that the series (€,2”) is convergent for \2| < R, and that 


number is given by 1/R= lim (sup (lene ee), which is also written 
nao k>0 


lim: sup ||¢,||!/". When in particular lim \len||1/" exists, it is equal to 1/R. 
Nn—> © Nn—> © 

2) Give examples of power series in one complex variable, having a radius of 
convergence R = 1 (problem 1) and such that: 

1° the series is normally convergent for |z| = R; 

2° the series is convergent for some z such that \z| = R, but not for other points 
of that circle; 

3° the series is not convergent at any point of \z| = R. 

3) Give an example of a power series in two variables, which is absolutely 


’ a,+ 6 a, +b 
summable at two points (a,,4,), (b,,b,), but not at the point | Le a) Is 


2 2 
(Replace z by 2,2, in a power series in one variable.) 
4) Let (€,2"), (d,2") be two power series in one variable with scalar coefficients, 
if their radii of convergence (problem 1) are R and R’, and neither R nor R’ is 0, 
then the radius of convergence R” of the power series (Cydn2") is at least RR’ (taken 
equal to + oo if R or R’ is + ©). Give an example in which R” > RR’. 
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2. Substitution of power series in a power series 


Let Q be a polycylinder of center 0 in K’, and suppose the p power 
series in g variables (Bu) with scalar coefficients are absolutely summable 


in Q (with p = (m,,...,m,), «= (my,...,,), u" = ut" ...u,%). We write 
glu) = Zu", G,(u) = 2|b|u*. On the other hand, let (a,2”) be a power 
be B 


series in p variables with coefficients in E, which is absolutely summable 
im a polyeylinder P of K’, of center 0 andiradi 7, (= 2 = 2) ine 
TMomermniallr <— ee a BSP we replace ‘‘formally’”’ each z, by the power 
series g,(u#), we are led to take the formal “product” of #; + m+... +”, 
series, i.e. to pick a term in each of the x, +... + #, factors, to take 
their product and then to ’’sum*“ all terms thus obtained. We are thus 
led t@-consider, 1omedeh 1 — (7 ..915,e Ms) the set A, of all finite families 
(144;) = p where y,;EN%, k ranges from 1 to ~, and for each k, 7 ranges 
from 1 to ,; to such a p we associate the element 


With these notations: 


(9.2.1) Suppose sy,...,8, ave q numbers > 0 satisfying the conditions 

G,(s1,-..,89) <7, for l<k<p. Then, for each u in the open polycylinder 

SC K? of center 0 and radii s;(1 <1 <q), the family (t,(u)) (where p ranges 

through the denumerable set of indices A= |J A,) ts absolutely summable, 
ve NP 

and if f(z) = 2a,z", its sum is equal to f(gy(%),8o(),.. .,&5(t)). 


In other words, under the conditions G,(s,,.. SS 1 (LS Eo), 
“substitution” of the series g,(w) for z, (1 <k <>) in the series / yields 
an absolutely summable family, even before all the terms ¢,() having the 
Same degrees in w,...,4, have been gathered together. 


To prove (9.2.1), we need only prove that the family (¢,(u)) is absolutely 
summable; that its sum is /(g,(w#),...,g,(t#)) follows by application of the 
associativity theorem (5.3.6) to the subsets A, of A, and by using (5.5.3) 


which shows that 2 #,(#) is equal to a,(g,(u))™.. (g, (2)? To prove the 


pea, 
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family (¢,(«)) (p € A) is absolutely summable, we apply (5.3.4). For any 
finite subset B of A, we have, by (5.3.5) and (5.5.3) 


DZ |KO eGo ccs) Gy Se 


pEeBONA, 


and by assumption, the right-hand side of that inequality is the element 
of index » of an absolutely summable family; hence the result. 


p "R 
Write Z,(¢) = cu", with A = (A,,..-,4,); A 2 1, (if we have 
pel fet 


fag = (Myjys- - -»Majq))- From (9.2.1) and (5.3.5) it follows (taking all the w; 
to be £ 0, ue S), that for each A, the family of the c,, where p ranges over 
all elements of A which correspond to the same A, is absolutely summable 
in E; if d, is its sum, we see, by the associativity theorem (5.3.6), that 


(2m) f(ey(w),- » -.8p(2)) = Bee 


the series on the right-hand side being absolutely summable in the 
polycylinder S. By definition, that power series is the power series obtained 
by substituting g,(u) to 2, for l<k <p, im the power series (@,2°). 


(9.2.2) If the point (g,(0),...,8,(0)) of K? belongs to P, then there exists in 
K? an open polycylinder S such that, for «eS, the series g,(u) may be sub- 
stituted to z, (1 <k <p) in the power series (4,2’). 


Observe that by definition, G,(0) = |g,(0)| for l\'<k<p. As G, is 
continuous at 0 by (9.1.3), the existence of numbers s;> 0 (l= 9) 
Sue imuhat Gel cyarss, |) my ter k < p follows at once from the assump- 


tion. 


3. Analytic functions 


Let D be an open subset of K?. We say that a mapping / of D into a 
Banach space E over K is analytic if, for every point aéD, there is an 
open polycylinder P c D of center a, such that in P, /(z) is equal to the sum 
of an absolutely summable power series in the p variables z, — 4, (1<k<p) 
(that series being necessarily unique by (9.1.6)). Suppose K = 6, let b 
be a point of D, and let B be the inverse image of D by the mapping 
x »b + x of RP into C’. Then it follows at once from the definitions that 
x f(b + x) is analytic in the open subset B of R’. 
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(9.3.1) Let (a,2”) be an absolutely summable power series in an open polycyl- 
inder PCK?. Then f(z) = La,z” is analytic in P; more precisely, if Pe 


(l <1 <p) are the radit of P, for any point b = (b;) EP, f(z) ts equal to the 
sum of an absolutely summable power series in the z, — b, in the open polycyl- 
inder of center b and of radii r, — |b,| (1 <i <). 


This follows at once from (9.2.1) applied to the case g = #, g,(u) = b, + 4; 
we have then G,(#) = |b,|-++,, and the conditions G,(s,,.. Sp) Te 
(l<k <p) boil down to s,< 7, — |b,| (lL<k <P). 


An entire function of p variables is a mapping f of K? into E which is 
equal to the sum of a power series which is absolutely summable in the 
whole space K? (cf. (9.9.6)). For each b € K?, f(z) is then equal to the sum 
of a power series in the z, — b,, which is absolutely summable in the whole 
space K?, by (9.3.1). 


(9.3.2) Let A be an open subset of K*, B an open subset of K%, gl <k<p) 
p scalar functions defined and analytic in B, and suppose the image of B by 
(S1,---.8,) 28 contained in A. Then, for any analytic mapping f of A into E, 
f(81...-.8,) ts analytic in B. 


This follows at once from the definition and from (9.2.2). In particular, 
if / is analytic in AC K?, then for any system (4,,,...,4,) of p — q scalars, 
(ayes 124) SNe ye gripe Ay) is analytic in the open set A(@,44)- : - Ay) 
in Ka, 


(9.3.3) In order that a mapping f = (},,.. -sf,) of AC K? into K! be analytic 
in A, 1t 1s necessary and sufficient that each of the scalar functions f, (l<i<q) 
be analytic in A. 


Obvious from the definition. 


(9.3.4) Letz, = x, + 1y, forl<k< p, x, and y, being real. If fis analytic 
in ACO?, then (x,,y,,.. -%p,Vp) > f(% + 191,...,%5 + 15) ts analytic in A, 
considered as an open set in R*. 


image of A by the mapping (2,,2,,.. -;My,Vp) — (uy + 1v,,.. - My + 105) of 
C*? into O?, by (9.3.2). Hence it is analytic in A= BnR®, when A is 
considered as a subset of R7?. 


Indeed, that function is analytic in the open subset BCO”?, inverse 
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(eee) Ea an np’ ; ey) be a power series which is absolutely summable 


in an open polycylinder P of center 0, and let f(z) be its sum. Then the power 


Series (70.c ze. .2"— 1, . 2") is absolutely summable in P and its sum 
Rn... ny i pp p 


ts the partial derivative D,f (= Of] dz,). 


For any ze P, we can in the series substitute z, to itself for 1 4 & and 
z, + u, to z,,and we thus obtain a power series in p + 1 variables z,,. . 25 ,Up, 
which, by (9.2.1), is absolutely summable for |z,|< 7, (? 4%) and |z,| + |u,|<7, 
Ci ee eect ie radi sor GE) ey) (7.1.4) we can therefore write 
eee: yer 2.) — (2) pp Hafiz) = <-> 4 4,/,(2) > 22, Where each 
f, 1S a power series absolutely summable in P, and the right-hand side, for 
each z €P, is a power series in u, which is absolutely summable in some 
open ball B of center 0 (depending on z). Moreover it follows from the 
binomial theorem that 


n 
A(z) = LMC. aa an 
vy 


eieaen (eemenze tt enrez,) =F (2)) ty — f(z)... te f(z) ees 
an absolutely summable power series (in #,) in B (for fixed z) by (9.1.4), 
we deduce from (9.1.3) that f,(z) = D,/(z) for any ze P. From that result 
and from (9.1.3) we deduce the values of the c, in terms of the derivatives 
of f, namely 


(9.3.5.1) vlc, = D’#(0) 


Wwiteres (> —— 74... Dy’ and »! = x,!n,!...n,!; this is immediate by 
induction on |»| =”, + ... + %. 


(9.3.6) An analytic function in an open set ACK, ts indefinitely differen- 
tiable and all its derivatives are analytic in A. 


This is an obvious consequence of (9.3.4) and (8.12.8). 


For = 1, we have a “‘converse”’ to (9.3.5): 


(9.3.7) Let (c,2") be a power series convergent in the ball P: lz] <r in K, and 


let f(z) =X c,2" in P. Then the power serves ((1/(n + 1)) c,2"*1) is convergent 
n=0 


in P and its sum is a primitive of f. 
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Due to (9.3.5) we have only to check the convergence of the series 


1 s : 
(aa ce) , which follows at once from the inequality 
n 


| li 


| 
yt < Il 


n+1 f 


. 


lias 


and from (9.1.2). 


PROBLEMS 


1) Let (a,2”), (byz") be two power series in one variable, the 6, being real and > 0; 
suppose lim a,/b, = s. 
nh—> 0 
a) Suppose the series (b,2") is convergent for |z| <1, but not for z= 1 (which 
k 


means that ifc, = X by, lim cz, = + 0). Show that the series (a,2”) is absolutely 
n=0 k—> co 


Convergent for 2). leand that lili), 


lim ( x anz") | ( z Gf) = 8. 


z—+l1l,zel n=0 n=0 


(Observe that, for any given k, lim ( 2 byz") = + oo). 


z—>1zel n>k 


b) Suppose the series (b,2z”) is convergent for every z. Show that the series (a,2”) 


is absolutely convergent for every z, and that if J is the interval [0,+ oof in R, then 


lim ( E ane") /\ y yg) = 


g—>+o0,2EeJ n=0 n=0 


(Same method.) 


00 
c) Show that if the series (a,) is convergent and 2 a, = s, then the series (a,2") 
n=0 
29) 
is absolutely convergent for |z|}< 1, and that lim 2S a,z" = s. (Apply a) 
z—>1,zeI n=0 


with 5b, = 1 for every ”; this is ““Abel’s theorem’’.) 


d) The power series ((— 1)"z") has radius of convergence 1, and its sum 1/(1 + 2) 
tends to a limit when z tends to 1 in I, but the series ((— 1)”) is not convergent (see 
problem 2), 


2) Let (a,2") be a power series in one variable having a radius of convergence 
equal to 1; let f(z) be its sum, and suppose that f(1—) exists. If in addition 


lim na, = 0, show that the series (a,) is convergent and has a sum equal to f(1—). 
n—> 
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(“Tauber’s theorem’: observe that if |na,|<e for n> k, then, for any N > 2, 
and 0O<*<1 


N 
|| 2 a,(1 — #”)||< eN(1 — 2) 


n= 


and | 2 anal <e/N(1 — x).) 


3) Let (a,2") be a power series in one variable having a radius of convergence r > 0, 


and let (b,) be a sequence of scalars 0 such that g = lim (b,/b,. )) exists and 
n> 


\q| < ¥. Show that, if 
Ci = Gee AP Oya = jp SE 00 0 AE Gilly 
lm (c,/b,) exists and is equal to f(q). 
w—> 3 


4) Let (py2"), (¢,2") be two power series with complex coefficients, and radius of 
convergence ~ 0, and let f(z) = LY pyz”, g(z) = 2X q,2" in a neighborhood U of 0 
n n 


where both series are absolutely convergent. Suppose g) = g(0) 4 0; then there is 


a power series 2c,z” which is absolutely convergent in a neighborhood VC U of 0 
n 


and has a sum equal to f(z)/g(z) in V (remark that the series (2) is convergent for 
|z| < 1, and use (9.2.2)). If all the g, are > 0, the sequence (9,41/¢) is increasing, 
the p, are real and such that the sequence (p,/¢,) is increasing (resp. decreasing), 


show that c, > 0 (resp. c, < 0) for every n> 1. (Write the difference as — Bes | 


In 4n—1 
as an expression in the g, and cz, and use induction on ».) Deduce from that result 


that all the derivatives of x/log (1 — x) are <0 for 0O< #< 1. 
5) Let gy (1<k < pf) be p scalar entire functions defined in K?. lf f is an entire 
function defined in K?, then f(g,,.-.,gp) is an entire function in K%, 


4. The principle of analytic continuation 


(9.4.1) In K?, let P,Q be two open polycylinders of centers a,b, such that 
PmO 0) Le ic 


- wang A oy a a,) ?) be a power series in the 


x, —a@;, absolutely summable in P, and let f(x) be us sum. Let 
(d 
summable in Q, and let g(x) be its sum. If there is a non-empty open subset 
U of PA Q such that f(x) = g(x) for any x EU, then f(x) = g(x) for any 
een OF 


Cee bo) be a power series in the x, — b,, absolutely 


ny... My 


Let «EU, and let v be any point of Pn Q; then the segment joining u and v 
is contained in PNQ by (9.1.1). Let A(t) =/(u + t(v—)) —g(u + ev —u)) 
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with ¢ real; by (9.3.2), this is an analytic function of ¢ in an open interval I 
containing [0,1]. Let A be the closed subset of the interval [0,1] consisting 
of the ¢ such that h(s) — 0 for 0 <s <1; by assumption there is an open 
neighborhood of 0 in [0,1] which is contained in A, hence the l.u.b. p of A 
is certainly > 0; we will prove that p = 1, which will establish (9.4.1). 
Note first that A(t) = 0 for 0 <t< p, hence by continuity h(p) = 0; as 
his analytic at the point p, there is a power series in  — p, which converges 
for |f — p| <a, with a > 0 and whose sum is equal to A(¢) for |t — p| <a. 
But for 0 <<? < p, A(t) = 0 by assumption; from the principle of isolated 
zeros (9.1.5) it follows that A(#) = 0 for |f — p| < a, which would contradict 
the definition of p if we had p < lI. 


(9.4.2) (“Principle of analytic continuation”). Let Ac K? be an open 
connected set, { and g two analytic functions in A with values in E. If there 
is a non-empty open subset U of A such that f(x) = g(x) in U, then f(x) = g(x) 
for every x EA. 


Let B be the interior of the set of points x € A such that f(x) = g(x). 
It is clear that B is open and non-empty by assumption; we prove that B 
is also closed in A, hence equal to A since A is connected (see (3.19)). Let 
aeéA bea cluster point of B; as /,g are analytic, there is an open polycyl- 
inder P of center a, contained in A, such that in P, /(x) and g(x) are equal 
to the sums of two power series in the x; — a;, absolutely summable in P. 
But by definition, PAB contains an open polycylinder U in which 
i —2(4). By (3.4.1) applied to P— 0, we conclude thaty(7 saa) 
in P, in other words PCB, and in particular ae B, q.e.d. 


4? 


For p = 1, we can improve (9.4.2) as follows: 


(9.4.3) Let ACK be an. open connected subset of K, f and g two analytic 
functions in A with values in E. Suppose there is a compact subset H of A 
such that the set M of points x EH for which f(x) = g(x) be infinite. Then 
Ta — ea (a\ifor every xe A: 


Let (z,) be an infinite sequence of distinct points of M; as H is compact, 
there is a cluster value 6€ H for the sequence (z,), hence any ball P of 
center 5, contained in A, contains an infinity of points of M. But we can 
suppose / and g are equal to convergent power series in z — bina ball PCA 
of center 5; the principle of isolated zeros (9.1.5) then shows that f(x) = g(x) 
in P, and we can then apply (9.4.2). 
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For K = C we can also improve (9.4.2) in the following way: 


(9.4.4) Let ACC? be an open connected set, f and g two analytic functions 
in A with values in a complex Banach space E. Let U be an open subset 
of A, b a point of U, and suppose that f(x) = g(x) in the see UN (b+ RP); 
then f(x) = g(x) for every x EA. 


We can suppose, by a translation, that 5 = 0; let h = f — g, and let P 
be a polycylinder 7m C?, of center 0, contained in U and such that in P, h(z) 
is equal to the sum of an absolutely summable power series (c,z”). Now 
PAR? is a polycylinder im R?, and h(x) =0 in PNR?; this shows by 
(ES) sthat c= © for every », hence A(z) = 0 in P and (9.4.2) can be 
applied. 


In an open connected set A C K?, we say that a subset MCA is a set 
of uniqueness if any two functions, defined and analytic in A, coincide in A 
as soon as they coincide in M. (9.4.2), (9.4.3) and (9.4.4) show that anon-empty 
open subset U of A, or the intersection Un (b + R?) (if not empty), or, for 
p = 1, a compact infinite subset of A, are sets of uniqueness. We shall 
see another example in (9.9) for K = C. 

The preceding result shows that if an open connected subset Ac C? 
is such that AN R? #@, any analytic function / in A is completely deter- 
mined by its values in ANR?. The restriction of f to AN R? is an analytic 
function, but in general an analytic function 7x AN R? cannot be extended 
to an analytic function 7» A; we have however the weaker result: 


(9.4.5) Let E be a complex Banach space, A an open subset of R?, f an 
analytic mapping of A into E. Then there is an open set BCC? such that 
Bn R? = A, and an analytic mapping g of B into E which extends f. 


Indeed, for each a= (a,,...,a,)@A, there is an open polycylinder 
P, in R? defined by |x; — a;) <7; (1 <%<>p) contained in A and such 
that, in P,,, f(x) is equal to the sum of an absolutely summable power series 


? 
in C?, of center a and radii 7;; then, by (9.1.2), the power series 


(Crap... ngh*a— 4a) - (2 = «,) ?), Let Q, be the open polycylinder 


(C,, Lngl™ = 500A ye) is absolutely summable in Q_; let g,(z) be 
its sum. If a,b are two points of A such that Q,N Q, 49, then P,N P, = 
(Q,9 Q,)N R? is not empty, and we have g,(x) = g,(x) = f(x) in P,NP,. 
Moreover 0, Q, is connected by (9.1.1); it follows from (9.4.4) that 
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g,(z) = g,(2) in Q,N Q, We can now take B= U Q,, and define g as 


acA 
equal to g, in each Q,; the analycity of g follows from (an): 
The proof of (9.4.5) shows that when / is an entire function defined in R’, 
it can be extended to an entire function defined in C?, and that function is 
unique by (9.4.4). 


PROBLEMS 


1) a) Let P(w,,...,4,+ 1) be a polynomial with coefficients in K, «,.-.,a, elements 
of K such that |a,;|< 1 for 1<i<y. Suppose there exists a ball B in K of center 0 
and a scalar function f analytic in B and such that f(z) = P(z,f(o2),..-,f(«,2)) for 
every z€ B. Show that f can be extended to a function g analytic in the whole set K 
and satisfying the same functional equation in K (use (9.4.2)). 

b) Suppose K = (€, and suppose there is a real number f and a scalar func- 
tion f analytic for @(z) > f, and satisfying in that subset the equation ia = 
P(z,f(z + 4,),.-/(2 + @,)), where the a; are complex numbers with #(a;) > 0. 
Show that f can be extended toa function g analytic in € and satisfying the same 
functional equation. 

c) Generalize the preceding results to functions of any number of variables. 

2) Let D be a connected open set in (?, D’ the image of D by the mapping 
(21,.--,25) > (4,-.-.2). Let f be a complex function analytic in D, and suppose 
Dn R? is not empty, and f takes real values in DN R?. Show that f can be extended 


to a function g analytic in D U D’. (Consider in D’ the function (z1,...,2») > /(4,)-. -.%»), 
and use (9.4.4).) 


5. Examples of analytic functions; the exponential function; the 
number 7 


(9.5.1) Let P(z), Q(z) be two polynomials in K?, such that Q is not identically 
0; then P(z)/Q(z) ts analytic in the (open) set of the points z such that Q(z) A 0 
(ie., the set of points where the function is defined). 

It is obvious that any polynomial is an entire function. By (9.3.2) 
all we have to do is to show that 1/z is analytic for z 40; but if z 40, 
we can write 


(2 — %)” 
oe pe ee ee ! 
% x 2 a Pee 


where the power series is absolutely summable for |z — z)| < |zp|,_q.e.d. 
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Consider now the function e* of the veal variable x; we prove it is an 
entive function. From the Taylor formula (8.14.3) we derive, for any x 


(using (8.8)) 


wi n! n!} 


2 n — Ave 
an se ae nT ee mE dy 
0 


As e* is increasing by (8.5.3), we have |e| <el*! for |t| < |x|, hence 


fete < tee 
iu | 
0 


But if m) is an integer > |x|, we have 


! ep de Ta © 
wee x |" 7" [lam 
== ||) == f h f R 
a) No | ito! OT # >, hence, lor any xe 
oes ad xn 
Ee = TP ap Gap 8b ag a SG 


and by (9.1.2) the series is normally convergent in any compact interval. 
Using the remark which follows (9.4.5), we can define in C an entire func- 
tion e* (also written exp z) as equal to the sum of the power series (z”/n!). 
We have 


(Jra32) et! — ee 


for both sides are entire functions in ©? which coincide in R?, and we 
apply (9.4.4). 

For real x, e~'* is the complex conjugate of ¢’*, since (— ix)” is the 
complex conjugate of (7x)"; from (9.5.2) it follows that \e'*| == Ve eve 
cos x = #(e™*), sin x = F(e*) for real x; they are entire functions of the 
real variable x by (9.3.3), and the relation |e’*|=1 is equivalent to 
cos2x + sin?x = 1, and implies |cos x| < 1 and |sin x| <1 for any real x. 


Moreover, we have 
(9.2;3) iN) = 


since both sides are entire functions (by (9.3.5)) in €, which coincide in R. 
In particular (see Remark following (8.4.1)), D(e'*) = ze’* for real x, hence 


(9-524) Diccs 70 ix, IDI (erat $4) = eee 
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The definitions of cos x and sinx for real x can also be written 


—1*) sin x == (e'* — e **)/2¢; these formulas may be used 


cos x = $(e* +e 
to define cosz and sinz for complex z, replacing x by z in the right-hand 
sides. With these definitions, formulas (9.5.4) are still valid for complex 


values of x. 


’ 


(9.5.5) There is a number x > 0 such that the solutions of the equation al 
are the numbers 2nmi (n positive or negative integer). 


If z= x+y, we have |e"| = e*leY| = e*, hence e’ = 1 implies x = 0, 
oy.) We fist prove: 


(9.5.5.1) The set of points x >0 such that cos x = 0 ts not empty. 


Suppose the contrary. Then, as cos 0 = 1, we would have cos x > 0 
for any x > 0, hence by (9.5.4) and (8.5.3), sin x would be strictly increasing, 
hence > 0 for any x > 0, and by (9.5.4) and (8.5.3), cos « would be strictly 
decreasing for x > 0. We first remark that it is impossible that we should 
have cos x > 1/2 for all x > 0, for that would imply, by the mean value 
theorem (8.5.3), that sin x > x/2 for all x 0, and this violates the 
inequality |sin x] <1 when |x! >2. Suppose then cosa < 1/2. Then 
cos x =< 1/2 for x 2 a, and this implies sin x 2 I/2 fora 2 a, ihemmean 
value theorem would then give again 


cos ¥ — cosa < — (x — a)/2 


and this shows that cos x <0 when x is large enough, q.e.d. 

As cos x is continuous, the set D of the roots of cos x = 0 such that 
x% > Ois closed (3.15.1) and does not contain 0, hence has a smallest element 
which we denote by 2/2. Then we have sin*?2/2=1, and as sin x is 
increasing for 0< x <a2/2, sina/2=—1, e”*=1. This already shows 
that e”” = 1, hence e**” = 1 for every integer n, and by (9.5.2) 


(9.5.6) Cece 


To end the proof of (9.5.5) we have only to show that the equation e'* = 1 
has mo root in the interval ]0,2m|. But irom (9.5.2) we deduce 
cos (% > a/2) = — sin x, hence cosa <= 0 for “7/2 =04 = 2s andes 
cos (x ++ 2) = — cos x%, we see that cosa — Wicor 0-77 27 sand this 
endeeiiespreai 
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(9.5.7) The mapping x —e'* is a continuous bijection of any interval 
[a,a + 2n[ on the “unit circle’ U: |z| =1 in ©, and a homeomorphism of 
Ja,a + 2x[ on the complement of e'* in U. 


The mapping is obviously continuous, and it is injective by (9.5.2) and 
(9.5.5). To prove it is surjective in [a,a + 2z2[, we can obviously suppose 
a = 0, for if CEU, Ce~™ is also in U. Let C=a+ 78, «? + 62 =1; as 
|x| <1 and, in the interval [0,7], cos x is continuous and cos0= 1, 


cos x = — I, there is y € [0,7] such that cos y = « by Bolzano’s theorem 
(2:19'8)) thea sin y — =- 7; if sim y = £, we are through; if not we have 
cos (22 — y) =cosy=a and sin (2x —y)=-—siny=f. Let V be 


the complement of e in U, and C= eC eV Withee b= a In. if the 
inverse mapping of the restriction of x —> e'* to Ja,a + 2n[ was not contin- 
uous at C,, there would be in Ja,a + 2n[ a sequence (x,) whose elements 
would belong to the complement of a neighborhood of 0, and such that 
lim e* = €); but then a subsequence (%,,) would tend to a limit ¢~0b 


in the compact set [a,a + 2] by (3.16.1), and as e” 4 e” we arrive at a 
contradiction. (For another proof, see (10.3.1)). 


(9.5.8) The unit circle U ts connected. 


This follows from (9.5.7), (3.19.1) and (3.19.7). 


(9.5.9) (‘Principle of maximum”). Let (c,2”) be a power series with complex 
coefficients, absolutely summable in an open polycylinder Pc? of center 0 
and let f(z) be its sum. Suppose that there is an open ball BC P of center 0 
such that |f(z)| < |f(0)| for every zEB. Then c,=0 for every index 
vy # (0,...,0), 1 other words, f ts a constant. 


We first prove that the theorem is true for any # if it is true for p = 1. 
Indeed, for any z= (%,...,2,) € P, consider the function of one complex 
variable g(t) = /(t2,,...,#2,) which is analytic for |t] << 1+ with ¢ small 
enough. As |g(¢)| < |g(0)| for these values of ¢, we have g(/) = g(0) by 
assumption, and in particular /(z,,...,2,) = g(1) = (0). For p=—1, we 
can suppose Cy ~ 0, otherwise the result is obvious by (9.1.6). Suppose 
there are indices m > 0 such that c,~0, and let m be the smallest of 


them. We can write 


H(z) = Co(1L + 5,2” + 2™h(2)) 
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where b,, #0, 4 is analytic in P and h(0) = 0. Let y >0 be such that 
z| <7 is contained in B and JA(2)| < $]b,,| for jz] <7 (9.1.3). Write 
bn = [By|S with Ic] = 1; by (9.5.7) there is a real ¢ such that Ce es 
for z = re", we therefore have 

et Ope AeA) = | a [Oa se ae) | Se te eee 
which contradicts the assumption |/(z)| < |co| in B. 


The result (9.5.9) does not hold if € is replaced by R®, as the example 


of the power series 1/(1 + 2?) = X (— 1)"2 (for |z| <1) shows. 


(9.5.10) Let f be a complex valued analytic function defined in an open 
subset ACC?, and which is not constant in any connected component of A. 


For any compact subset HCA, the points zeH where |f(z)| = sup l7() | 
xe€H 


(which exist by (3.17.10)) ave frontier points of H. 


Follows at once from (9.5.9) and the principle of analytic continuation 


(9.4.1). 


PROBLEMS 


1) Show that if A(z) <0, then, for any integer > 0 


gz ze a\| | gti | 
e—fl+—+—4...+—]s]|- V1 | 
iL on n! | | | 


(use Taylor’s formula (8.14.2) applied to ¢ > e*/). 
2) Prove that, for real x 


2 xt en | ae 
cos * — Se ee ee ae |< 


and the difference has the sign of (— 1)”+}; similarly 


| ioe yon—l | |xfetl 
sin # a al Preis (een |) thea a 
| 31 OB! ie Sat ean 


and the difference has the sign of (— 1)”. (Use induction on 2.) 

3) a) Let U be a relatively compact open subset of C?, f a complex valued analytic 
function in U, which is not constant in any connected component of U. Suppose 
there is a number M > 0 such that for every frontier point x of U, and any e > 0, 
there is a neighborhood V of * such that |/(z)| <M + e for any ze€UNV. Show that 
\f(z)| < M for any ze U, and equality cannot be reached at any point of U (use (9.5.10) 
and the compactness of the frontier of U). 
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n 
b) In GC, let U be the open set defined by the conditions A(z) > 0, — = <I i(zl< = c 


“ 


Show that the entire function exp (exp (z)) is bounded on the frontier of U, but not in U. 


4) a) Let E be the Banach space 0%, with the norm ||(z,,z9)|| = sup (|z,|,|z9|).. The 
function z— f(z) = (1,0) + (0,1)z is an analytic mapping of C into €2, such that 
||/(2)|| is constant for |z| < 1. 

b) Extend the result of (9.5.10) to functions defined in an open set Ac C?, and 
taking their values in a complex Hilbert space. (If ||f(z)|| reaches a maximum at 2 € A, 


consider the complex-valued function z — (f(z)|f(z9));_ compare with a).) 


5) Let U be an open set in (?, P a closed polycylinder contained in U, of center 
a@ = (a,...,a,) and radii r, (1<k<p). Let / be a complex valued analytic func- 
tion in U, and suppose that on the set S = {(z,)| |z; — a;| = 7; for 1 <i< p} (ie. 
the product of the circles |z; — a,|= 7), |/(z)|| <M. Show that for any zeP, 
|f(z) <M. (Use induction on /, considering the function (z,.. - 2p) —> f(by,22,- « -,Zp) 
for |b, — a,| = 7.) 

6) Let P(%,y) be a polynomial in two complex variables, with complex coefficients, 
of maximal degree m in x, m in y. Suppose that for veal x,y such that —-1<¥<1, 
—-isxy<l, |P(+,y)| <M. Show that for real x,y such that |x| > 1, |v] = 1, 


|P(x*,y)| << M({#| + 2 — 1)™(|y| + \»? — 1)”. (Apply problem 5 to the function 
1 1 

SP ||  — ff a for |s| < 1, |¢] <1.) Extend to polynomials in any number of 
s 


variables. 

7) a) Let f(z) be a complex analytic function of one complex variable in the disc B: 
|z| < 1; suppose |/(z)| < M in B and /(0) = 0. Show that |f(z)|< M|z| in B (consider 
the function /(z)/z, which is analytic in B) (‘‘Schwarz’s lemma’’). When is equality 
possible ? 

b) Consider on C? the norm ||z|| = (jz|? +... + epee 10K ee ey me) 
(called the “hermitian norm’’). Let B be the ball ||z|| < 1 for that norm, and let / be 
a complex valued analytic function in B, such that /(0) = 0 and |/(z)| <M in B. 
Show that |/(z)| < M||z|| in B (consider the function ¢ > f(z,t,...,zp¢) of one complex 
variable and use a)). 

8) a) In the complex field C, let R_ (the “negative real half-line’’) be the subset 
defined by 4 (z) = 0, A(z) <0; let F be the complement of R_ in C. On the other 
hand, let S be the set defined by — 2 <.4(z) < a. Show that the mapping z— é? 
is a homeomorphism of S onto F (use (9.5.7)); the inverse mapping is written 
z — log z, and called the “‘principal determination of the logarithm of z’’; one has 
log z = log |z| + Am(z), where Am(z) is the unique number @ such that -z<O0< 2 
and z = |z| e® (the ‘amplitude’ of z). If z,z’ and zz’ are all in F, show that the 
difference log (zz’) — log z — log z’ is equal to 0,277 or — 2x7. 

b) In the ball B: |z| < 1, the power series ((— 1)"2”/n),,>1 is absolutely convergent; 
if f(z) is its sum, show that f(z) = log (1+ 2). (Observe that if ze B, 1+ z2eF; 
show that f’(z) = 1/(1 + z), and deduce from that result that f(z) = log (1 + z) for 
zrealand — 1 <z< 1; finally, consider the analytic function e/) and use (9.4.4).) 
Conclude that log z is analytic in F. 
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t 
c) For any complex number ¢and any integer > 0, let =t(t—1)...(t—n+1)/n!= 
n 


k=0 
series (czy2"t*) is absolutely summable in B x € (observe that for any number 7 > 0, 


¥ x Y 1 1 
(r+4}(1 ae +2) <eo(r(1 AP 9P S04 + t}cow 
1 2 n 2 n 


where @ is a constant). Prove that the sum of that series is exp (flog (1 + 2)). 
(Consider first the case in which z and ¢ are real, and apply Taylor’s formula (8.14.2) 
to the function z—> (1 +2). Then use (9.4.4).) The function exp (flog (1 + 2)) is 
also written (1 + z)'; show that for real values of #, |(1 + 2)'| = [1 + 2). 

d) If ¢> 0, show that z— (1 + 2)’ can be extended by continuity to the closed 


ae t 
Z cpyt®, where the cz, are rational numbers [we put ( = ) . Show that the power 


t 

disc |z| <1. (Use a majoration of | similar to the one obtained in c), observing 
n 
{ 


| 
that for s> 0, 1—s<e*.) 


9) a) Let fp IS jam 1<k <n) be scalar analytic functions defined in an 
open connected subset A of €?; let aj, be real numbers > 0. Show that the continuous 


n 
function u(z) = EZ |frn(2)|"™*|fon(2)|["2*-- - [fnn(2)["* cannot reach a relative maximum 
=1 


at a point of A, unless each of the products (Fanta) : Nec (l<k<n) is 
constant in A. (Observe that if f(z) is analytic in A and f(z.) 4 0, then, for every 
real number 4, there is a function g,(z) which is analytic in a neighborhood of z) and 
such that |g,(z)| = |f(z)|* in that neighborhood; use problem 8 c) to that effect.) 
Extend the result to the case in which the a;, are arbitrary real numbers, provided 
none of the /;, vanishes in A. 

b) Generalize to u(z) the result of problem 3 a). 

10) Let f(z) be a complex function of one complex variable, analytic in the open 
set A defined by R, < |z| < R, (where 0< R, < R,). Foranyy such that R;< 7 < R,, 
let M(vy) = sup |f(z)|. Show that if R,j<7,< 72< 73< Ry, then 

jal =r 
log 7, — log 7, log 7, — log 7, 
ei = i | eee 
log ry, — log 7, log v3 — log 7, 
(‘Hadamard’s three circles theorem’’.) (Apply problem 9 to |z|*- |f(z)|, where the 
real number « is conveniently chosen, and the function |z|*- |f(z)| is considered in the 
set 7, < |2|< 73.) When can equality occur? 

11) We put on C? and (% the hermitian norms (problem 7). Let f be an analytic 
mapping of the ball B: ||z|| << 1 in C?, into C2; we have f = (f,,...,f,), where the /, 
are complex valued analytic functions in B. Suppose that f(0) = 0; show that if 
|f(z)||< M for ze B, then ||f(z)|| << M- ||z|| for ze€ B (for each ze B, consider the 
functions ¢ — f,(¢z)/t and apply problems 9 and 3). When is there equality ? 

12) We put on C? the hermitian norm (problem 7). Let F,G be two analytic 
mappings of B: ||z|| < 1 into €?, which are homeomorphisms of B onto open sets 
U = F(B) and V = G(B) respectively, and such that the inverse mappings are analytic 
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in F(B) and G(B) respectively (this last condition actually follows from the others; 
see section 10.3, problem 2). For any 7 such that 0 < r < 1, let B, be the ball llal| <7, 
and let U, = F(B,), V, = G(B,), which are open subsets of U and V respectively. 
Show that if an analytic mapping wu of U into V is such that u(F(0)) = G(0), then 
u(U,) C V, for every y such that 0 < 7 < 1 (use problem 11). 

13) Let f be a complex valued analytic function of one complex variable in the 
ball B: |z| << R; for any 7 such that 0<7< R, let A(r) = sup Alf(z)). 

Zar 
a) Show that r — A(r) is strictly increasing unless / is constant (consider exp (f(z))). 
b) Show that, when A(R—) < + ~, 


R—-~y 2y 
ery eres 


ARS) 


(Apply problem 12, with F(z) = Rz, and G(z) of the type (az + b)/(cz + d), where 
the constants a,b,c,d are chosen such that G(B) is the half-plane defined by 
RB\2) < A(R-)). 

14) a) Let A be a relatively compact open subset of C?, E a closed subset of the 
frontier of A. Suppose there exists a complex valued function g, which is analytic 
in a neighborhood of A, equal to 0 in E and is not identically 0in A. Let / be a complex 
valued analytic function in A, bounded in A, and suppose there is a number M such 
that, for every frontier point x ¢ E of A, and every ¢ > 0, there is a neighborhood V 
of x in C? such that |f(z)| << M + efor z€ANV. Show that |/(z)| << M for every ze A. 
(One can suppose that |g(z)| < 1 for z€ A. Consider the function |/(z)|- |g(z)|*, where 
a > 0 is arbitrary, and apply the result of problem 9 b) to that function.) 

b) Show that the result of a) does not hold if the assumption that / is bounded 
in A is deleted (consider the function exp (exp ((1 — z)/z)) and use problem 3 b)). 


15) Let w(x) be a real function defined in [0, + co[, such that w(x) > 0 and 
lim o(*) = +0. Show that if a complex valued function / is analytic in a 
X—>-+ 2 
neighborhood of the closed half-plane A: &(z) > 0, then there is at least one point 
¢ € A such that |/(f)| < exp (w(|C|)¢). (Use contradiction: if the conclusion was not 
true, prove that the function |e?|- |/(z)|~* would be <1 in A, for every value of 
€ > 0, by applying problem 9 a).) 

16) Let A be an open relatively compact subset of €?, f a complex valued function, 
analytic in A. Suppose there exists a number M > 0 and a complex-valued func- 
tion g, analytic in A, such that g(z) 4 0 for any ze A, and having the following 
property: for every point x of the frontier of A, and every e > 0, there is a neigh- 
borhood V of »# such that |/(z)| < M |g(z)|® for ze AN V. Show that |f(z)| << Min A 
(‘‘Phragmén-Lindeléf’s principle’; use problem 9 b)). 

17) Let U be the open set defined in problem 3 b), and suppose / is a complex 
valued analytic function in a neighborhood A of U, having the following properties: 
1° |f(z)| <1 on the frontier of U; 2° there exists a constant a such that O0<a< 1 
and |f(z)| < exp (exp (aA(z))) for z€ U. Prove that |f(z)| <1 in U. (Remark that 


transforms U into a relatively compact set, and use Phragmén- 


Bs 
zg+1 


T 


Lindeléf’s principle (problem 16) with g(z) of the form exp (exp (b2z)).) 
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6. Integration along a road 


A path in Cis a continuous mapping y of a compact interval I= [a,b] CR, 
not reduced to a point, into C; if p(I)CAC C, we say that y is a path in A; 
y(a) (resp. y(b)) is called the origin (resp. the extremity) of the path, both 
points are also called the extremities of y; if y(a) = y(d), y is called a loop, 
if y is constant in I, we also say that the path y is reduced to a point. The 
mapping y° of I into C such that y°(t) = y(a + 6 — t) is a path which is 
said to be opposite to y. Let 1, = [b,c] be a compact interval in R whose 
origin is the extremity of I, and let LL =IU1,= [a,c |e th yes amp anh 
defined in I,, and such that y,(b) = y(®), and if we define y, to be equal 
to y in I, to y, in I,, y, is a path which we denote y v 74, and which we 
call the juxtaposition of y and yj. 

We will say that a path y, defined in I = [a,b] CR, is a road, ify isa 
primitive of a regulated function (8.7.2); if in addition y(a) = y(d) we will 
say that y is a circuit. It is clear that the opposite of a road is a road, and 
so is the juxtaposition of two roads. Let y,y, be two roads, defined in the 
intervals I,I, respectively. We say that y and y, are equivalent i there is 
a bijection y of I onto I,, such that g and 7! are primitives of regulated 
functions, and that y = y,om (hence y, = yop); it is immediate (by 
(8.4.1)) that this is indeed an equivalence relation between roads. 

If the road y is defined in I = [a,b], there is a road y, equivalent to y 
and defined in any other interval J = [c,d], for there is a linear bijection 
t — y(t) — at + B of J onto I, and y, = yow has the required properties. 

Let y be a road, defined in I = [a,b], and let / be a continuous mapping 
of the compact set y(I) into a complex Banach space E; the function 
t — f(y(t)) is then continuous in I, hence ¢t > f(y(4))y’(#) is a regulated func- 


b 
tion; the integral [/(y(#))y'(i)dt is called the integral of f along the road y 
and written ff(z)dz; from (8.7.4) it follows at once that if y, is a road 


i? 
equivalent to y, then [f(z)dz = ff(z)dz. Moreover, from the definition, 


it follows Aarediteloaare : 

(9.6.1) Jite)dz = — ff(z)dz 

(9.6.2) f fede = Silede + Sila 
wi V Ya Vn Ya 


when the juxtaposition y, v y, is defined. 
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Let y be a corcutt, defined in I = [a,b]; for any cel, consider the 
mapping y, of J = [c,e-+6—a] defined as follows: y,(¢) = y(t) if 
exi<d, y(t) =y(t—b+4+ a) ifb’<t<c+b—a. It is immediately 
verified that y, is a circuit such that y,(J) = y(I), and that [f(z)dz = ff(z)dz 

V1 vi 
for any continuous mapping of y(I) into E. In other words, the integral 
of f along a circuit does not depend on the origin of the circuit. 

Let y9,y, be two paths defined in the same interval I, and let A be an 
open set in Csuch that y9(I) C A and y,(I) CA. A homotopy of y_ into y, in A 
is a continuous mapping m of I x [a,8] (a < 6 in R) into A such that 
p(t,a) = yo(t) and p(t,4) = y(t) in I; y, is said to be homotopic to y, in A 
if there is a homotopy of y, into y, in A. It is clear that for any é € [«,@], 
i — p(t,é) is a path in A. When both yy and y, are loops, we say that » 
is a loop homotopy of y, into y, in A if t > @(t,é) is a loop for any & € [4,f]; 
when we say that two loops y,,y, are homotopic in A, we mean that there 
is a loop homotopy (and not merely a homotopy) of yp» into y, in A. 

li @ is a homotopy of y, into 7, in A, defined in I x [a,f], then the 
mapping (¢,6) > p(t,a + 6 — &) is a homotopy of y, into y, in A; on the 
other hand, if % is a homotopy of y, into y, in A, defined in I x [«’,4’], 
then we can define a homotopy @ of yy into y, in A in the following 
way; we take 6=o in I x [«,@]; putting 6” = ~’+ 6 —a’, we take 
6(¢,6) = o(t,é + a’ — 8) in I x [6,8]; this is meaningful, for both 
definitions give 6(t,8) = y,(t) by assumption, and it is immediate to verify 
that 6 is continuous in I x [«,@’’], takes its values in A, and is such that 
A(t) = volt), O(¢,8'") = y2(t). This shows that the relation ’’y, is homotopic 
to yy in A“ between paths in A, is an equivalence relation, it is also an 
equivalence relation between loops in A, for the preceding definitions yield 
loop homotopies when @ and %& are loop homotopies. 


(9.6.3) (Cauchy’s theorem). Let A Cc € be an open set, f an analytic mapping 
of A into a complex Banach space E. If I, I’, are two civcuits in A which 
are homotopic in A, then ff(z)dz = ff(z)dz. 

ce i 


Suppose I,J, are defined in I = [a,b], and let m be a homotopy of 1) 
into I’, in A, defined in I x [a6] (N.B. — It is mot supposed that for 
Ex#a,8, the loopt — (t,é) is acircuit). As mis continuous, L= (I X [«,8)) 
is a compact set contained in A; by definition and the Borel-Lebesgue 
axiom, there exist a finite number of points a, (1 <A <m) in L and for 
each k an open ball P, ¢ A of center a, such that: 1° the P, form a covering 
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of L; 2° in each P,, f(z) is equal to the sum of a power series in 2 — 4, 
convergent in P,. There exists a number p > 0 such thattonere, yaaa. 
the open ball of center x and radius p is contained in at least one of the P,. 
In order to prove this, use contradiction, extracting from L a convergent 
sequence (x,) such that the ball B,, of center %,, and radius 1/7 is not contained 
in any P,; as the limit x of (x,) is in some P,, there is a ball Bc P, of center 
x and radius 7, B, is in P, as soon as |x, — x| + 1/n<7, contradiction. 
It follows from (9.3.1) that for every x EL, /(z) is equal in the ball B(x ;p) 
to a convergent power series in z — %. 

As 9 is uniformly continuous in I x [«,] (3.1 6.5), there is e > 0 such 
that ¥ —1'| <e, |E — | <eimply |p(t.8) — olt’€')| < p/4. Let (iocicr 
be an increasing sequence in I such that f) = a, , = 4, t; 4.5 — 4 6, for 


WR 1 oP lh eee ae increasing sequence in [«,f] such that & = a, 
6 =, Gui = Ge toe IL Define y; as follows 


yilt) = p(ti.S§) + 


= a 7 (plitag)) — pllréi)) 

t-+1 u 

HOT Ee eh WS SG yf ll im addition) let 3) —— or 

y, =I. Then y, is a circuit in A for 0<j <s; all we have to do is to 

prove that ff(z)dz = f f(z)dz for O0<7<s—1. Note now that from 
i) aed 

the choice of the ¢, and &,, all the points y,(¢) and y, (4), where ;<¢<#;,,, 

belong to the open ball Q,, of center y(¢;,¢;) and radius p. By (3.3.7) and: 

(9.3.1) there is a function g,, analytic in Q,;,; and such that ga(2) = f(z) 

in Q,;. As Q;_1;9Q, is not empty and is connected by (9.1.1), the 

difference g;_1; — gj, is constant in Q;_1;NQ, by (8.6.1). Now, by 

definition 


r—1 4d r—1 4+] 
Lfade= ZF Uolorrjode = =f sylalorrioa 


= z (gis(;(t:41)) — Bij (7;(4)))- 


i=0 
Therefore we are reduced to proving the relation 
Pal 


= (gij(¥j(4:41)) = 8i5(9;(4;))) = z (Bij(¥j414,41)) = Gil Yj +1(4))) 


i 
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which can also be written 


(9.6.3.1) 


= (gij(¥;(4;4.1)) i Bij Vj 41(6; 4.1)) ae Sil (t,)) =F Gi; +14) 
= 0. 


t 


But y,(¢;) and y;,,(¢;) both belong to Q;_,,N Q;, for 1<i<r, hence, 
by what we have seen above 


Gj (¥; (4) — 8 l¥j oi) = Sat 81%} 4.14) 
hence the left-hand side of (9.6.3.1) is reduced to 


by — 1 (V4) — By il; ae) = Boj; (40)) ar 80; (¥; +1(40))- 


But as y; and y; , , are circuits, we have y,(fo) = y,(¢,) and y; . (4) = 7 +1(4); 
moreover, these two points belong to Q9;A Q,_,,;, which is connected; the 
difference g,_ 1; — 8; is thus constant in that set by (8.6.1), and this ends 
the proof. 


(9.6.4) Let y,,y_ be two roads in an open set ACC, having same origin u 
and same extremity v, and such that there is a homotopy of y, into yy in A 
which leaves u and v fixed (i.e. y(a,é) = u and (b,é) = v for every é € [«,8] 
if m is defined in [a,b] x [«,8]). Then, for every analytic function f in A, 
Si(zjdz = Jf (z)dz. 
at Va 

Let y$ be the road opposite to y,, and let y,(¢) = y\(¢ — 6+ a) for 
b<t<2b—a; y, is a road equivalent to yj. By definition, y, v y, 
and y» v yg are circuits. Moreover these circuits are homotopic in A, for 
if we define y(¢,£) as equal to p(t,¢) fora <t < dD, to ys(f) for’ Ct K 26 — a, 
% is a loop homotopy in A. Applying (9.6.3), we get f/(z)dz + Jf(z)dz = 


Si(z)dz + Sf(z)dz, q.e.d. 


Ye Ys 


7. Primitive of an analytic function in a simply connected domain 


A simply connected domain ACC is an open connected set such that 
any loop in A is homotopic in A to a loop reduced to a point; it is clear 
that any open subset of C homeomorphic to A is a simply connected domain. 


216 IX. ANALYTIC FUNCTIONS 


(9.7.1) Example. A star-shaped domain A CC with respect to a pointaeA 
is an open set such that for any z € A, the segment joining a and 2 is contained 
in A. Such a set is clearly connected ((3.19.1) and (3.19.3)); if y is any 
loop in A, write p(¢,é) = 4+ (1 — €)(y(¢) — 4) for O< ee le we 1S 
loop homotopy of y into the loop reduced to a. An open Dallis aystar- 
shaped domain with respect to any of its points. 


(9.7.2) If ACEC ts an open connected set, for any two points u,v of A there 
is a road of origin u and extremity v. 


We need only prove that the subset BCA of all extremities of roads 
in A having origin # is both closed and open in A (3.19). If «eA mle, 
there is a ball S of center x contained in A, and by assumption 5S contains 
the extremity v of a road y of origin «; the segment of extremities v,¥ is 
contained in S, and if y is defined in (a,b], the road y, equal to y in [4,6], 
to y,(é) =v + (¢ — 6)(x — v) in [2,b + 1] is in A and has origin u, extrem- 
ity x; hence x € B. On the other hand, if y € B, there is a ball Solecemen, 
contained in A; for any v€ S, the segment of extremities y,v is contained 
in S and we define in the same manner a road of origin uw, extremity v, 
which is in A, hence SCB, q.e.d. 


(9.7.3) If ACC is a simply connected domain, any function f analytic in A 
has a primitive which is analytic in A. 


Let a,z be two points of A, y,,7_ two roads in A of origin a and extrem- 
ity z; then [/(x)dx = [/(x)dx. Indeed, we may suppose, by replacing +, 
v1 V2 


by an equivalent road, that y, is defined in [b,c] and y, in [c,d]; then 

y =) V Yo is a circuit in A, which is therefore homotopic to a point in A, 

hence {/(x)dx = 0 by Cauchy’s theorem, and this proves our assertion. 
y 


We can therefore define g(z) as the value of [/(x)dx for any road y in A 
y 

of origin a and extremity z, and by (9.7.2), g is defined in A. Now for any 

zy € A, there is an open ball BCA of center z) in which f(z) is equal to a 

convergent power series in zg — 2); by (9.3.7) there is therefore a primitive A 

of / in B which is analytic, and such that A(z9) = g(%); hence we have 

for zEB 


1 


h(z) — h(zp) = [He + t(z — 29))(z — 2p) dd. 
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But the right-hand side is by definition [f(x)dx, where o is the road 


i ee, cetined in [0)l|; "as that road is in BGA, we have 
g(z) — g(2) = |e x)dx by definition of g, and therefore g(z) = A(z) in B, q.e.d. 


8. Index of a point with respect to a circuit 


(9.8.1) Any path y defined in an interval 1 = [a,b] and such that y(I1) is 
contained in the unit circle U = {zeEO| |2|= 1}, has the form t— e, 
where ys ts a continuous mapping of | into R; tf y ts a road, is a primitive 
of a regulated function. 


As y is uniformly continuous in I, there is an increasing sequence of 
points 7, (0 <& < p) in I such that %& = a, t, = b, and that the oscillation 
(3.14) of y in each of the intervals I, = [4,t,,,] (0< 2 <p — 1) be <1. 
This implies that y(I,) 4 U; if 6,eR is such that e'%¢ y(I,) (9.5.7), then 
x — e'\**%) is a homeomorphism of the interval ]0,22[ on the complement 
of e'’* in U (9.5.7). If m, is the inverse homeomorphism, we can therefore 
write, for te 1,, y(é) = e*, where a, (t) = —,(y(t)) + 6, is continuous in I,. 
By (9.5.5), we have dy. 1(441) =elt,.,) + 2%, with », an integer 
(0<k<p-—2). Define now ¢ in I in the following way: Y(t) = Yo(t) for 
teI,; by induction on , we put #(t) = #,(¢) + P(t) — o,(t,) fort,<t <b 44. 
By induction on &, it is immediately seen that ¢(¢,) — ¥,(¢,) is an integral 
multiple of 27 for0 <<k<p—1; therefore y(t) =e for tel, and 
is obviously continuous in I. Moreover, if y(t) = a(t) + 7B(t), we have 
a(t) = cos w(t), A(t) = sin s(t), and one of the numbers cos #(t), sin y(t) 
is not 0; from (9.5.4), and (8.2.3) applied to one of the functions cos x, 
sin x at a point where it has a derivative 4 0, we deduce that if y has a 
derivative at a point ¢, so has #, and ah’ (é) = y'(¢)/y(¢), which ends our proof. 


(9.8.2) For any point ae, and any circuit y contained in C — {a}, 
fdz/(z — a) has the form 2nat, where n 1s a positive or negative integer. 
By a translation, we can suppose a = 0. Suppose y is defined in I = [6,c]; 


t 
the function @(i,é) = & a + (1 — &)y(¢) is continuous in I x [0,1] and 
4 


is a loop homotopy (in C* = € — {0}) of the circuit y into the circuit 
y,(t) = y(t)/|y(é)|, which is such that y,(I) CU. As 1/z is analytic in C*, 
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Cauchy’s theorem (9.6.3) shows that fdz/z = fdz/z. But by (9.8.1), 
y v1 
y,(t) =e where % is a primitive of a regulated function, hence 


fdz/z = i fp’ (Odt = i((c) — f(b) by definition; as y4(b) = y(c) by 
vat b 
assumption, the conclusion results from (9.5.5). 


Remark: A simpler proof of (9.8.2), which does not use (9.8.1), can be 


t 


’ y(s)ds : ae 
given as follows (Ahlfors): let A(t) = a it has a derivative 
we 
‘(¢ 
equal to h’(t) = = except at the points of an at most denumerable 
y(t) —a 


subset of I; hence, if g(t) = e~“"(y(t) — a), we see that g’(t) = 0 except 
in an at most denumerable subset of I. We conclude (8.6.1) that g is con- 


~) 2 ES But we have y(c) = y(b), and therefore 
y(o) —a 
e) — 1, which implies h(c) = 2umi for an integer n by (9.5.5). 
We say that the number is the index of a with respect to y (or the 
index of y with respect to a) and we write m = 7(a;y). From Cauchy’s theorem 
it follows that if y,,y, are circuits in © — {a} which are homotopic in that 


set, they have the same index with respect to a. 


stant, hence e 


(9.8.3) The index (x;y) ts constant in each connected component of the 
complement A of the compact set y(I). 


Indeed, we remark that x — (x;y) is continuous in the open set A, for 
by definition, the index of x + h with respect to y (if x + 4€ y(1)) is equal 
to that of « with respect to the circuit y,;: ¢ > y(t) — h. But if B is a ball 
ef center x and radius 7, contained in A, o(t,¢) = y(t) — A (defined in 
I x [0,1}) is a loop homotopy, in C — {x}, of y into y,, as long as |h| <7, 
and therefore 7(~ + h;y) = 7(x;y) by Cauchy’s theorem. As the set Z of 
integers is a discrete space, the conclusion follows from (3.19.7). 


(9.8.4) Example. Let «, be the circuit ¢ > e’ defined in I = [0,2z], 
n being a positive or negative integer; we have e¢,(1) =U; e, is called 
“the unit circle taken 1 times.” We observe that the open set © — U has 
two connected components, namely the ball B: |z|< 1 and the exterior 
E of B defined by |z| > 1. Indeed, B is connected as a star-shaped domain 


(9.7.1); and by (4.4) and (9.5.7) E is the image of ]1,+ co[ x [0,22] by 
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the continuous mapping (x,t) + xe“, hence the result by (3.19.1), (3.20.16) 
and (3.19.7) (a similar argument also proves the connectedness of B and of 
B — {0}); finally in © — U, B and E are open and closed since B is open 
in © and B = (C — U) NB, and we have BNE =@. From the definition 
and (9.5.3) it follows that 7(0;e,) =, hence j(z;e,) = for any point z of B. 
Let us show that 7(z;e,) = 0 for any point of E; more generally: 


(9.8.5) If @ circuit y is contained in a closed ball D: |z —a| <r, then 
1(zsy) = 0 for any point z exterior to D. 


Indeed, suppose y is defined in an interval I = [8,c], and that |y’(é)| <M 


mere e dx y(t) at 
in that interval. By definition, 2n7j(z;y) = |- = for 
b 


Y 
jz —a|>r. But as |y(t) — a] <r, we have |y(t) — z| > |z — al — 7 for 


M(c — 6 
any ¢ € I,and therefore, by the mean value theorem, 2z|j(z;y)| < = : ) : 
z—al—yr 


when |z — a| is large enough the right-hand side is < 2x, and as j(z;y) is 
an integer, this implies 7(z;y) = 0. But the exterior of D is connected, as 
seen above, hence the conclusion by (9.8.3). 


(9.8.6) For any circuit y in C, defined in I, the set of points x EC — y(1) 
such that 7(x;y) 40 ts relatively compact in C. 


For by (9.8.5), that set is contained in any closed ball containing y(I). 


(9.8.7) Let ACC be a simply connected domain, y a circuit in A. For any 
point x of C — A, 7(x;y) = 0. 


By assumption, there is in A a loop homotopy g, defined in I x J, of 
y into a circuit reduced to a point. As x¢ (I x J), Cauchy’s theorem 


shows that fdz/(z — x) = 0. 
— 


9. The Cauchy formula 


(9.9.1) Let ACC be a simply connected domain (9.7), f an analytic mapping 
of A into a complex Banach space E. For any circmt y in A, defined in I 
and any x EA — y(I), we have (Cauchy’s formula) 

1 | fz)dz 


NCD) =e | 


of 


220 IX. ANALYTIC FUNCTIONS 


Consider the function g(z) defined in A, equal to (f(z) — /(x))/(z — x) for z# x, 
to f(x) at the point «; gis analytic in A, for it is obviously analytic in A —{x} 
by (9.3.2) and (9.5.1); on the other hand, there is a ball BC A of center x such 
that for ze B, f(z) = f(x) + (2 — x)f'(*) +... + (2 — 4) f(x) Jn} + 


the series being convergent in B; this proves that for any ze B, g(z z) 1s 


equal to the sum of the convergent series 
f(x) + Hae — wf" (a) +... $e come MC ate), 


hence analytic at x. From Cauchy’s theorem (9.6.3) we have f g(z)dz = 0, 
ta 


1 
and writing g(z) = ——— — f(x) -——— yields (9.9.1) by definition of the 
— Z—% 


index. 
Conversely: 


(9.9.2) Let y be a road in ©, defined in an interval | = [b,c] and let g be a 


e(x)d 
continuous mapping of y(1) into a complex Banach space E. Then f(z) = | g( i 
X— 2 


ap 
is defined and analytic in the complement of y(1); more precisely, for any 


| | g(x) dx . 
point a € © — (I), tf we write c, = ea , the power serves (c,,(z — a)”) 
%—a 
> 
is convergent in any open ball B of center a contained in © — y(1), and its 
sum 1s equal to f(z) in B. 


Indeed, suppose |z— a] <q -d(a,y(1)) with 0<q< 1; then, for any xey(I), 


we have Z = ——-- : ———- = > ee » with 
ome & gee (oa jet 
(x —a) {1 — n=0 
La 
|i aoe . | | : ? 
-- ale q”, if 6 = d(a,y(1)). Tf ||g(x)|| < M in y(I) and |y’(t)| < m 


(x 
in I, we have, for any tel, LOIS 
(y(t) — ante 
MOONE = AE 
(vy) — ayn 
follows from (8.7.9) that the series (c,(z—a)") is convergent in the 
ball jz — a| <q-6 and has sum (f(z) in that ball. 


M 
— i hence the 


series of general term 


is normally convergent in I. It 
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(9.9.3) Under the assumptions of (9.9.1), we have, for every x EA — y(I), 
and every integer k > 0, 


_ Rl | f(2)dz 
Qa | (z — xy Ft 


This follows at once from Cauchy’s formula, the uniqueness of the coeffi- 
cients of a power series with given sum (9.1.6), the relations (9.3.5) between 
these coefficients and derivatives, and finally (9.9.2). 


(9.9.4) Let ACO? be an open set, f a continuous mapping of A into a complex 
Banach space E, such that for 1 <k <p, and an arbitrary point (a,) € O?, 
the mapping 2, > f(4y,-- +4, 1:24, 411+++,y) 1S analytic in the open set 
A(4q,- + 4p 4p 1 4++ Gy) CO tf that setis not empty (notation of (3.20.12)). 
Then f 1s analytic in A. More precisely, let a = (a,) be a point of A, P a clo- 
sed polycylinder of center a and radi vr, (1 <k <p) contained in A; for 
each k, let y, be the circuit t >a, + 7,e% in C (0O<t< 2n), and let 


L Le Xp) 
Cun,...n, = Tai\P aay AX. Jp ee, oe) Xp sy 
P (271) Cea eae 


Hel Ve Yp 


Then the power series (c,(z — a)”) ts absolutely summable in P and its sum 
1s equal to f(z). 


Using Cauchy’s formula, and the fact that 7(0;e,) = 1 (see (9.8.4)), we 
have, by induction on # — k and the assumption, 


(eacoarall) CP pe Coe ie ley | 


I eee ies 
= ae | area [ denys.-- [7 aa g g 


Xk+1 — 2h41)-.+(%p — %) 


for |x, —a,| = 7; (1 SS! ) and |z,—a|<7, (k+1<7< 4). On the 
other hand, for |z, — a,|< 7 (1 <A <p), we can write, for |x, —4,|=7, 


1 = eee (Zz, — a) )™...(z — a,)"? 
= n 


; 1 
(%, — %)...(%p — 2%) 1— a) tl... (xp~ — ap) pee 
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the power series on the right hand side being normally summable in the 
set F defined by |x, — a,| = 7 (1 <& <p), by (9.5.3). By induction on 
pb — k, if we write 


Enz, greeny %p . ote) 


] As | [Mp xp) dXp 
= Pp dbile oc My +1 
(Qaci\ — (%k41 — @& 41) met, (Xp — -ap)"? 


YR+1 Yp 


we have by the mean value theorem 


M 
(9.9.4.2) ||Bnp 44 vamp (Myr a8 Xn) || & yikil yb 
Ride aec Ue 
Hi. ..o%,)||— M on F. It follows thatthe (pewerseecnic. 
Go ee vosMg) (py — Op iq) © oee(aa @,) P) ete cece. 


solutely summable in Pp; using induction on p — k, and applying (5.3.5) and 
(8.7.7 )ewe see that the sum oi that Seties is)/(4\7.)7 2, pee eee 
conclusion follows by taking k = 0. Moreover (9.9.4.2), for k = 0, proves 
that, with the same assumptions and notations as in (9.9.4) 


(9.9.5) Ienmnl| SMU. 
if \\f(x)|| <M on the ei es the “civeles |X, —a,| 7 ee) 


(Cauchy’s inequalities). 


If in (9.9.4) we take A = C?, we see that 


(9.9.6) An analytic mapping of C? into a complex Banach space is an entire 
function. 


Observe that this last result is not true for analytic functions of real 
variables (1/(1 + x?) is a counterexample). Also, a continuous function 
/(x,¥) of two real variables may be analytic in each of the variables without 
being analytic in R?; an example is given by /(x,y) = xy?/(x2 + y?) for 
(x,y) (0,0), (0,0) = 0. 


Remark. It follows from (9.9.4) that the set F, product of the circles 
X_ — &| = 7% (1 <k < f) isa set of uniqueness in A (when A is connected) ; 
for the power series (c,(z — a)”) is entirely determined by the values of f 
on F’, hence if two analytic functions in A coincide in F, they coincide in P, 
and the result follows from (9.4.2). 
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PROBLEMS 


1) Let A be a relatively compact open connected set in C. Let m be a continuous 
mapping of [4,b] x [0,1] into A such that ¢ > (#,é) = yet) is a circuit contained 
in A for 0< <1, and t+ y(t) = (t,0) is a circuit contained in A (which may 
contain frontier points of A). Suppose in addition that for every e > 0, there exists 
6 > 0 such that the relation |A — u| < 6 implies |yj’(¢) — y,’(t)| <e for ¢ [a,b] — D, 
where D is a denumerable subset. 

Let now f be a continuous mapping of A into a complex Banach space E, such 
that its restriction to A is analytic. Show that Cauchy’s theorem Jileaz = Jile)dz 
still holds (use (8.7.8)). “ - 

2) Let A be an open subset of C, f a continuous mapping of A into a complex 
Banach space E, such that / is analytic in AN D, and An D_, where D, (resp. D_) 
is defined by 4 (z) > 0 (resp. ¥(z) < 0). Show that fis analytic in A. (Suppose the 
disc |z} <r is contained in A. Let y, (resp. y_) be the circuit defined in [—1, +1] 
by y+ () = (22+ Irfor— 1<t<0, y.() = re™ for O<¢< 1 (resp. y_(t) = ve™ 
fot lee = 0 ye) — (1 — 227 tor 0 =? = 1.) Show thatif|2||< 7 and.7 (2) 2.0, 
then 


Then use (9.9.2).) 


3) Show that the conclusion of (9.9.4) still holds when / is merely assumed to be 
bounded in each bounded polycylinder contained in A, but not necessarily continuous. 
(Use problem 6 of section 8.9; actually, a deep theorem of Hartogs shows that even 
this weakened assumption is not necessary; in other words, a function which is 
analytic separately with respect to each of the p complex variables z; is analytic in A.) 

ive) 


4) Let f(z) = 2 a,z” be an analytic complex-valued function in the circle 
n=0 


|z| < R. Show that, forO<7r<R 


oP 


a ; ae 

Ma(rsf) = — f|flret)|2ae = LS fag|272", 
2n n=0 

Deduce from that result another proof of Cauchy’s inequalities. 


ioe) 
5) Let f(z) = 2X a,z” be an analytic function in |z| < R, and let 
n=0 


ive) 
M,(r;f) = 2 |la,||7”. 
=0 


n 
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Let also M(y;f) = sup ||f(z)]|- 
a) Show that for O<r<7v+d0<R 


é 
M(rf) < Mf) < ras Mr + 6:/) 


(use Cauchy’s inequalities). 
b) If in addition, / is complex valued, show that (with the notations of problem 4) 


Veer +9) M,(r3f) < M,(7 + 6;/)< Mir + 6;/)- 
r+o6 


(Use the Cauchy-Schwarz inequality (6.2.1).) 
c) Under the same assumption, show that 


lim (M,(7;"))¥" = lim (M,(7;/"))"/”" = M(rf) 


N—> CO n> 0 


(use the inequalities proved in a) and b), the fact that M(rv;/”) = (M(r;f))”, and the 
continuity of r — M(r;/)). 


6) Suppose the power series in one complex variable (c,z”), with complex coeffi- 
cients, is convergent for \z] < R, and let f(z) = Xc,z”. For any vy such that 0< 7< R, 
n 


let A(r) = sup &(f(z)). Show that, for every x > 0 


lenly” + 228(f(0)) < sup (4A(1),0). 


(Prove that 


(Bf (re*)))e~ ™? a0 


out 
a 


1 
ue = — 
I 
for x > 0.) 

7) a) Let A be an open subset of K?, and / an indefinitely differentiable mapping 
of A into a Banach space E. In order that f be analytic in A, it is necessary and 
sufficient that for every compact subset L of A, there exist an integer 7 > 0 and a 
number a > Osuch that, for any index a = (a,...,%,), sup ||D%f(x)|| << a(ja| + 7)!. 

EL 


(To prove that the condition is necessary when K = €, apply Cauchy’s inequalities 
to balls of fixed radius contained in A and having their centers in L; when K = R, 
use (9.4.5); to prove that the condition is sufficient, use Taylor’s formula (8.14.3) 
and prove that the last term of that formula tends to 0 uniformly in any closed ball 
contained in A and of center 7%.) 

b) Give an example of an indefinitely differentiable function in R which is not 
analytic (cf. section 8.12, problem 2). 

c) Suppose f is real valued and indefinitely differentiable in an open interval 
IcR; in addition, suppose that there is an integer p> 0 such that /™) does not 
vanish at more than p points of I, for any n > 0. Show that / is analytic in I. (Use a), 
and problem 3 b) of section 8.12.) 
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10. Characterization of analytic functions of complex variables 


(9.10.1) A continuously differentiable mapping { of an open subset A of C? 
into a complex Banach space 1s analytic. 


Applying (9.9.4), we are immediately reduced to the case f= 1. 
To prove / is analytic at a point ae A, we may, by translation and 
homothetic mapping, suppose that a = 0 and that A contains the unit 
bales Zils or any z eR, and any 4 such that 0 < A <1, note that 
(1 — A)z + de*| <1 —A+A=1, and consider the integral 


{ 


(9.10.1.1) g(a) = | 


By (8.11.1) and Leibniz’s rule (8.11.2), g is continuous in [0,1] and has at 
each point of ]0,1[ a derivative equal to 


Qn 


a7 


g(a) = f f(z + Ale” — 2))e*dt 

0 
(see Remark after (8.4.1)). But Af’(z + Ale’ — z))e" is the derivative of 
pie fie" — 2), hence, for 470, g (4) = 0, and therefore (remark 
following (8.6.1)), g is constant in [0,1]. But as g(0) = 9, g(A) = 0 for0<A<1. 
1 | f(x)dx 


for any zEB 
X—2 


In particular, it follows, for A = 1, that f(z) = ah 


€1 


(by (9.8.4)), and the conclusion follows from (9.9.2). 


(9.10.2) Let f be a continuously differentiable mapping of an open set AC R? 
into a complex Banach space. In order that the function g defined in A (consid- 
elediasiaiabser ol O°), 09) f(4y Xa, Xp Vpn Mp) = Bi ae inp 2p) 
be analytic in A, necessary and sufficient conditions are that =. igh — 0 
in A for 1 <k <> (Cauchy’s conditions). 


We are again at once reduced to the case p = 1 by (8.9.1). Let (x,y) 


a a ’ 
be a point of A, and put @= & (a) ee z (x,y); expressing that the 
limits lim (g(« + dy +h) — g(«+7y))/h and lim (g(x + 71y + 2h) — g(x -+2y)) [th 
h—»0 h—+0 
(h realand #4 0) are the same, we obtain a + 1b = 0. Conversely, if that 
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condition is satisfied, for any ¢ > 0, there is 7 > 0 such that if Vr +h<y, 


Ile + iy +h + ik) — g(x + iy) — ah + 6h)|| <e VA? +B by (6.9.1.1) 
and this proves that z > g(z) has a derivative equal to a at the point 
z= x-+1y. The result then follows from (9.10.1). 


PROBLEMS 


1) Show that a differentiable mapping f of an open subset A of C? into a complex 
Banach space is analytic in A (‘‘Goursat’s theorem’’; f’ is not supposed to be contin- 
uous). (Given any 4 in ]0,1[, prove (with the notations of (9.10.1)) that g’(A) exists 
and is equal to 0. First show that, given e> 0, there are points /, =0<?,<...<t,=2z, 
a number p > 0, and in each interval [t,,/, 4.1] a point 6, such that, if Cg =2+ Merve —2), 
Gh tw = 2+ (At Aye’ — 2), then |f(lg + ~) — fle) — f(ox)%|< el*| whenever 
|h| < p and t, St < ty 41 (prove this by contradiction, using a compactness argument 
and the existence of /’ at each point). Compare then each integral 


edt 


ie SESE 1? ay A I — 25) 


et — 2 


tp 


to the expression 


h it it 
ae Cee A(eR+1 _ 2)) — fle + Afe"® — 2))) 
for |h|< p.) 
2) Let A be an open simply connected subset of C; if f is a continuous mapping 
of A into a complex Banach space E such that fFle)az = 0 for any circuit y in A, 
% 
show that fis analytic in A. (‘“Morera’s theorem’’; show that / has a primitive in A.) 
3) Let A be an open subset of €?, y a road defined in I = [a,b], f a continuous 
mapping of y(I) x A into a complex Banach space E. Suppose that for each w € y(I), 
the function (2,,...,2») > /(%,2,,...,2p) 1s analytic in A, and that each of the functions 
of 


an (¥,2,,-..,2p) is continuous in y(I)x A (l<k<p). Show that under these 
2k 


conditions, the function g(2,,...,2») = Tae: ..,2p)adx is analytic in A. (Use (9.10.2). 
Y 


As y’(#) is merely a regulated function and may fail to be continuous, Leibniz’s rule 


(8.11.2) is not directly applicable, but the proof of (8.11.2) subsists with minor modifica- 
tions.) 


4) Let A be an open connected subset of R? (p > 2), f an analytic mapping of A 
into a complex Banach space E. Suppose that there is an open polycylinder Pc A, 
of center b = (by)) <e<p and radii 7, (l<k< pp) such that for every point (c,) of P, 
there is a number p < inf (7,,7,) such that the function x, + ix, > if Bayon lon 0 « -,Cp) 18 
analytic in the open subset |x, + 1%, — (c, + ic,)| <p of € (identified to R2). Show 
that the same property holds for every point (cy) € A (use (9.10.2) and (9.4.2)). 
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5) Let S be the ‘‘shell’”’ in R? (p > 3) defined by 


(R—e)?< ait x4... +%,<(R+2)2 (O<e< R). 


Suppose f is an analytic mapping of S into a complex Banach space E, and suppose 
that for any « = (%3,...,%»), the mapping x, + ix, > f(¥%,,%,,%) is analytic in a neigh- 
borhood (in C) of every point of S(u) (if S(w) is not empty). 


a) For any uv = (%3,...,%»%) such that ||x||? = ts +... +H xp < R’, let y(u) be 
the road in C defined by ¢ — (R2 — ||u||2)2e" for -x<t<a. Let 


a T(y,u)dy 


Bent 
Qa y(u) oan el 


where y = x, + ix, and f(y,u) = f(%,,%,u); g is defined for |z|? + ||w||*< R%, and 
z—>g(z,u) is analytic for |z| << (R? — ||||?)!/2. On the other hand, for any v = (z,’,.. -%p’) 
such that ||v|| < R, let 


Show that h,(z,4) = g(z,u) for |lo|| < ||| < ||ol| +e and [z| < (R? — ||v||2)2/2 
(apply Cauchy’s theorem (9.6.3)). On the other hand, show that g(z,u) = f(z,u) for 
R—-e< |{u|| < R and |z| < (R? — ||u||*)!/2. Conclude that / can be extended to a 


function } which is analytic in the whole ball B: x toe +t xp < (R + e)? (apply 
(9.4.2) and problem 3). Is the theorem still true for p = 2? 
b) When E = ¢, show that }(B) c/f(S). (Apply the result of a) to the function 


1/(f — c), where c ¢f(S).) In particular, if fis bounded in 5S, fis bounded in B. Extend 
that last property to the case in which E is a complex Hilbert space (method of 
problem 6 of section 8.5). 


11. Liouville’s theorem 


(9.11.1) (Liouville’s theorem). Let / be an entire function in C?, with values 
in a complex Banach space E. Suppose there exist p integers m, (l << k <p) 
and a number a > 0 such that ||f(z)|| <a> |z,|"|z5|"*...|z,|"° for any ze C?. 


EE 


Then, f(z) is a finite sum of “monomials” c ae 


GRE! hs, de ie Nee 


n np . 
ee 2, with c,, 


Let f(z) = 2c,z” in C?, the power series being everywhere absolutely 


summable. Cauchy’s inequalities (9.9.5) applied to a polycylinder of 
center 0 and radii 7, (l< k <>) give, for any » = (m,...,mp) 


lew aS Ce ee, 
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As the 7, are arbitrary, this shows that Cassy = unless 2,= m, for 


tea 


(9.11.2) (The “fundamental theorem of algebra”). Any polynomial 
(8) = ae =P ayz"—1 +... +4, (4940, nS 1) with complex coefficients 
has at least one root in C. 


Otherwise, 1/f would be analytic in € (9.3.2), hence an entire function 
(9.9.6). Let y be a real number such that * > (m + 1)|a,/a9| for l Ck <n; 
theastor |2| 7 


; a an 

\z)| = [4o2"| “| 1 + Pe ae | 
n 

= |4o2 | ( = =| = |aq\r"/ (1 + 1). 


In other words, 1/f is bounded for |zi >y7. On the other hand, 1/f being 
continuous in the compact set |z| <_-yr, is also bounded in that set (3.17.10), 
hence 1/f is bounded in €. Liouville’s theorem then implies 1// is a constant, 
hence also f, contrary to assumption since |f(z)| > |ag|- |z|"/(# + 1) for 
ble 


PROBLEMS 


1) If p > 2, show that a function which is analytic in the complement of a compact 
subset of O? is an entire function; hence if in addition it is bounded in the complement 
of a compact subset of C?, it is a constant (use (9.11.1) and problems 4 and 5 of sec- 
tion 9.10). Is the result true for p = 1? 


2) Let { be a complex valued entire function in 0?. Show that the conclusion of 
(9.11.1) is still valid if it is supposed that 


Rij 2) <a+ lay... fzp|"? 


for any z € C? (use problem 6 of section 9.9). 


ize) 
3) Let f(z) = 2 a,2” be an entire function. For anyy > 0, let u(r) = sup ||a,||™, 
n=0 n 
M(r) = sup ||f(z){|, so that u(y) << M(v); by Liouville’s theorem, lim p(r) = + ~, 
jz|=r r—> © 

Suppose there are two constants a > 0, « > 0 such that p(y) < a- exp (y*); show 
that there are positive constants b,c such that M(r) < br®y(r) + ¢. (Observe that 
fl@n|] < (eae/)”"*.) 
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12. Convergent sequences of analytic functions 


(9.12.1) Let (f,) be a sequence of analytic mappings of an open set ACC? 
into a complex Banach space E. Suppose that for each ze€ A, the sequence 
(7,(2)) tends to a limit g(z), and that the convergence 1s uniform in every compact 
subset of A. Then g ts analytic in A, and for each v = (n,...,N,) ENP, 
the sequence (D"},(z)) converges to D’g(z) for each ze A, the convergence being 
uniform in every compact subset of A. 


As g is continuous in A (7.2.1), to prove g is analytic in A, we 
need only prove that each mapping z, — g(4@,,...,2,,....@») is analytic in 
(aya end. 2,)) by (7.9.4), in other words we are reduced 
to the case f= 1. For each aE ACE, let B be a closed ball of center 
a and radius r contained in A, and let y be the circuit t>a ve? 
(0 <t < 2m); then, for each z € B and each u, we have by Cauchy’s formula 
CAA) (= see dx. But by assumption the sequence (f,,(%)) 

a 
converges uniformly to g(x) for |“ — a| =~ 7, and as |z — x| >r — |z|, the 
sequence (f,,(%)/(x — 2)) (z fixed) also converges uniformly to g(x)/(% — 2) for 


1 ad : : 
|x —a|=r; hence, by (8.7.8) g(z) = ee which proves g is 
¥ 
6 j 1 n(x)a 
analytic im by (9.9.2). Moreover, as /,(2) apelee - iby n(7.2.3)5 


2 
the same argument (and (9.9.3) applied to g) shows that f,(z) tends to g’(z) 
lee very 2 eB; furthermore, we have by the mean-value theorem 


(9.12.1.1) \le’(@) — f(a) || < “ oe llg(*) — ful )||- 

Returning to the general case (p arbitrary), let us now show that the 
sequence (D,f,(z)) converges uniformly to D,g(z) in any compact set M Gan 
There is a number 7 > 0 and a compact neighborhood V of M contained in A, 
and containing all points of A having a distance <7 to M (3.18.2). For 
any ¢>0, let m) be such that ||g(z) — /,(2)||<e for every m > m) and 
every z€V. Then, applying (9.12.1.1) to the sequence of functions 
Pet (yep eevee eee baawe Obtaiimmiorwcevery  polmt 2c Ml, 
||D,g(2) — D,f,(z)||<e/7 as soon as m > mq. This ends the proof of the 
theorem when 7, +... + %,—=1; the general case is then proved by 


Ie LOMO 7 jt es 
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Observe again here that the theorem does not hold for analytic func- 
tions of veal variables, since a sequence of polynomials can have as a limit 
an arbitrary (e.g. non-differentiable) continuous function in a compact set, 
by the Weierstrass approximation theorem (7.4.1). 


PROBLEMS 


1) a) Let (az)1<r<p be a finite sequence of complex numbers, such that 


p 
2 |azy| =a <1. Show that 
g=1 


p p a2 
| 7 U+a)-1- 2 al< ; 
k=l k=1 La 


b) The entire functions E(z,0) = 1 — z, E(z,p) = (1 — z) exp ( + = toe. H =| 
are called primary factors; show that, for |z| << 1/2 
|E(z,p) — 1] < 4]2|? +1, 
(Observe that for |z|< 1/2 


22 


| p 
|log(l— 2) +2+—+ ae +o] coupe +n 


and that for |z| <1, |e? — 1] < 2lz|.) 
c) Let (a,) be an infinite sequence of complex numbers + 0, such that the sequence 


(|@,|) is increasing and lim |a,| = + 0. Show that for any ze C, the series of 
tt —> OO 


general term (z/a,)” is absolutely convergent. 
d) Deduce from a), b) and c) that the sequence of entire functions 


Aes 0 e(Z.e- ) 
k=1 aR 


is uniformly convergent in every compact subset of ( (apply Cauchy’s criterion, and 
evaluate the difference 1 — (p,,(2)/p,(z)) for m > » by using a) and b); then apply c)). 
The limit f(z) of the sequence (p,(z)) is thus an entire function, which is written 


oO 
z 
@) = iil e(2.n- 1}; show that the only points where /(z) = 0 are the 


points a, (use the preceding estimate). 
e) Suppose that there is an integer » > 0 such that the series of general term 
|a,|—? is convergent. Show similarly that the sequence of entire functions 


Qn{2) = Ht e(L 9 ) 


aR 
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is uniformly convergent in every compact subset of €; its limit is again written 


Be) = i x 


p= iW 


B 
—,p— ) . Prove that there is a constant c > 0 such that 
an 

|g(z)| < exp (clz[?). 


(For any given z, consider separately the product of the factors for which |a,| >> 2{z|, 

and of the other factors; use b) to majorize the first product; on the other hand, 

prove that there is a constant b such that |E(z,p — 1)| < exp (b|z|?—!) for any ze C.) 
2) Show that the sequence of entire functions 


(1) fn(z) = z(z@ + 1)... (2 + n)/n?n! 


(where »? = exp (z log ) by definition) is uniformly convergent in every compact 
subset of C to the entire function 


oo B 
= ze”? Tf [1 + — e—2ln 


n=l n 


(2) 


P(z) 


1 1 
where y = lim ( + a +... +— — log - (“Euler’s constant’). (Use the result 
nN 


n> © 


n 
of problem 1 e), writing logu = 2 log (k/(k — 1)) to compare (1) and (2), and using 
=e 


1 k 


the mean value theorem to majorize Fs — flee ay Te 


Prove that J’(z) satisfies the functional equation 
P(z+ 1) =2zF (2) 


when z is not an integer — 2» < 0, and that (nm) = (w — 1)! for w integer and > 0. 

3) An endless road in an open subset A C € is a continuous mapping y of R into A 
such that in every compact interval Ic R, y is the primitive of a regulated function. 
If f is a continuous mapping of y(R) into a complex Banach space E, f is said to be 


ic 6] 
improperly integrable along y if the improper integral JS fy O)y’ Wat exists (i.e. if 
—o 


b 0 
both limits lim f f(y(¢))y’()dt and lim J f(y) y’(#)dt exist in E); the value 


b>+a0 0 , a—>— a4 


of that integral is then called the integral of f along y and written J faz. 
Y 


Let B be an open subset of €?, ga continuous mapping of y(R) < Binto E; suppose 
that for each x € y(R), the function (z,,...,2)) > g(4%,2,,--..2p) is analytic in B and 
that each of the functions 0g/@zg(¥,z,-.-,2p) is continuous in y(R) x B. Finally 
suppose that for each (z,,...,2»)€B, * — g¢(*,2,...,2) is improperly integrable 


n 
along y, and that fey@.2y- ..,2p)y'(é)dt tends uniformly to laazpe ..,2p)d% when 


a e 
(z,,...,2p) remains in a compact subset of B and x tends to + oo. Under these condi- 
tions, show that the function (z,,...,2)) > | eas . + Zp)dx is analytic in B. 


vy 
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4) Extend the result of problem 2 of section 9.9 to functions of » complex va- 
riables, D, (resp. D_) being defined by ef (25) 0 (esp: JS (zp) < 0). (Observe that, 
by (9.12.1), for each zp such that J (zp) = 0 and the intersection B of A with the set 
Cex {zp} is not empty, the function (2,,.. .,2p — 1) > (4... -.2%p—1,2p) is analytic in B.) 


5) In the plane €, let Q be the square of center 0, defined by |#(z)| < 1, (2) ll 
: ; L-at¢ #8 SS ee 
Let Qp, Q,, Qe, Q3 be the images of Q by the mappings Co + a zm Pe ea 
—l—it 2 ts B 
amare oe ae oe Let m), = 0, and for any Ip Se il, Mee 
9 6 6 2 


ma4t4e+... 44; if nom+4k+7, with AD>1, Ok 4-1, 
0<j<3, define inductively Q, as follows, let n) = m,_1 + &, and let z,, be the 
center of Qy,; let My,(2) = Zn, + 2/2" sand take O—= Pn,(Q;)- 

a) Let B be the unit disc |z| <1, U the unit circle |z| = 1. Show by induction 
on » the existence of three sequence of numbers («,), (cy), (¢,) defined for n> 4, having 


Qe, 
Zz 7 
the following properties: 1°0 < a, < 1, |¢,| = 1,¢,€C; 2°ifg,(z) = at ( — 


by 
n 
(definition in section 9.5, problem 8) for z¢B, and f,(z) =z+ 2 g,(z), then 
q=4 
j.(B)< QO and j,@,)< OQ, for k=. %; 3° the’ series Yic,| is comvercent. (Observe 


n 
that g,(¢,) = ¢,, but that, given any neighborhood V,, of ¢, in B, it is possible to take 
&%, small enough so that g,,(z) will be arbitrarily small in B — V,,. Choose #, close to ¢,, 
(with the notations introduced above), the 4, being all distinct, and take V, so that 
it contains no ¢, with k < n.) 
b) Under the preceding conditions, the limit f(z) of (/,(z)) exists for any ze B, 


f is continuous in B, and analytic in B, and /(U) = Q (“Peano curve”’, cf. section 4.2, 
problem 5). 


13. Equicontinuous sets of analytic functions 


(9.13.1) Let A be an open set in C?, @ a set of analytic mappings of A into a 
complex Banach space E. Suppose for each compact subset L of A, there is a 
constant m, > 0 such that |\f(z)|| << my, for all fE@ and every zEL. Then 
@P is equicontinuous in A (7.5); if in addition E is finite dimensional, then 
for every compact subset L of A, the set D, of restrictions to L of the functions 
f €®, is relatively compact in the space ©,,(L) (7.2). 


Let ae A; there is a closed ball PCA of center a, radius 7, and as P 
is compact, ||f(z)|| < mp for all ze P and all fe@®. Let Q be the closed 
ball of center a and radius 7/2; for any ze Q and f €@ we can write 


P 
f(z) Fax 7(a) a 2 (7(41, 9 Spr 4p sy : Ay) = ae . + 8p Appi ys. a 45). 
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Now 


CSc Pe Orie Cr os Ge ey ee ee - Ay) 
1 
= J Dips ae in te), = CUR in og = CREE 


Write g,(%) = f(21,..-.2, 1% 4g4..-+-4p)3 8, is analytic in an open set 
of € containing the ball |u —a,|<y, and||g,()||< mp in that ball. 
Applying (9.9.3) to g, and to the circuit ¢ +a, + re” defined in [0,27], 
we obtain 


lige() || < 4amp/r 


for |“ — a,|<7r/2. Therefore, for any ze Q, and any fe@® we have 


4pm 

lle) — fla) || < PP fz — | 

which shows @ is equicontinuous at the point a. The last statement of 
(9.13.1) follows from the fact that any bounded set in a finite dimensional 
space is relatively compact ((3.17.6) and (3.20.17)), and from Ascoli’s 
Gie@renin(7 2-7 jy 


(9.13.2) Let A be an open connected set in C’, © a set of analytic mappings 
of A into a complex Banach space E. Suppose for each compact subset L of A, 
the set D, of restrictions to L of the functions f €® is relatively compact in 
@,(L). If M is a set of uniqueness (9.4) in A, and if a sequence (},,) of func- 
tions of ® converges simply in M, then (f,,) converges uniformly (to an analytic 
function) in any compact subset of A. 


From (3.16.4) it follows that we need only prove that, for every compact 
set LCA, the sequence of the restrictions of the /, to L has only one cluster 
value in @,(L). Suppose the contrary, and let (g,,), (2,) be two subsequences 
of (f,), each of which converges uniformly in L, the limits being distinct. 
As A is locally compact (3.18.4) and separable, there exists an increasing 
) of open subsets of A, such that U,, (closure in ©’) be compact 
and A = (J U, (3.18.3). Define by induction on k 


sequence (U,, 


and contained in U 


n+l? 


a sequence (£pn),—19,,... Such that (g,,) is a subsequence Cig ye with 
Lon = fm and that (g,,) converges uniformly in U,, which is possible by the 
assumption on ®. Then the “diagonal” subsequence (g,,,) converges 


uniformly in every U,, hence, by (9.12.1) its limit g is analytic in A. Ina 
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similar way it is possible to extract from (h,) a subsequence (h,,,) which 
converges in A to an analytic function h. Now by assumption g(z) = h(z) 
for zéM, and by definition, we must have g=/. But this contradicts 
the definition of the subsequences (g,), (H,), q.e.d. 


14. The Laurent series 


(9.14.1) Let A be an open subset of C, 79,7, two numbers such that 0 <19< 714, 
and suppose the ‘open ring’ S defined by ry< |z| <7, is such that tts closure 
S in © (ie. the “closed ring’ ry < |z| <7) ts contained in A. For any analytic 
mapping f of A into a complex Banach space E, we have, for any x ES 


1 ee I (ee 
mi\z—x 2u\z—x 


a =5 


where Yo (resp. 71) ts the circuit t + re" (resp. t > 7rye") with O<1t < Qn. 


As in the proof of (9.9.1), we first see that the function g(z) equal to 
f(x) at the point x and to (f(z) — f(x))/(z — x) for ze x, z EA, is analytic 
in A. Now, (t,6) = érge* + (1 — &)rye" (0 <t < 2a, 0 E <1) is a loop 
homotopy in A of yp into y,; hence f g(z)dz = [ g(z)dz by Cauchy’s theorem 

Yo "1 
(9:6:3)2. But for 75 <<) 7, we Nave |(2;y_) 0 amar) hn (eera) 
and (9.8.5)), hence the result. 


(9.14.2) Under the same assumptions as in (9.14.1), there exists a power 


co 
series g,(z) = 2 c,2", convergent for |\z|<7,, and a power series in 1/z and 
n=0 


without constant term, go(z) = 2 d,z—", convergent for |z| > 7, such that 
n=l 

f(z) = g,(z) + go(z) in S (“Laurent series” of /). Moreover the power series 

£18 having these properties are unique, and, for every circuit y in S, we have 


ae 1 H(x\dx : 1 
1(0;)en = =| ra URE all a" f(x)dx. 
y y 
I eae ‘ : WT eats 
By (9.9.4) we have | a D>) Cnt" for |2| = 7) Wallin — 5 | ee ’ 


Y ios Pat 
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the series being convergent for |z|< 7,. On the other hand, for |z| > 7%, 
|x| = 7%, we have 


where the right-hand side is normally convergent for |x| = 79 (z fixed); by 


1 (flax _ oy , 

8.7.9), w as = Maz-* ee 

( ), we get = | Toe eae aoe wit, ele f(x)dx, the 
Yo ae Yo 

series being convergent for |z| > 7). This proves the first part of (9.14.2). 


Suppose next we have in S 


(ales) La = y Anz" + 5 Uae” 
n=0 n=1 
both series being convergent in S; let first y be a circuit in S, defined in I; 
tieteare pointe: 2 im | such that (7) — int y(s)—7 and y(7)— sup 4(s) = 
Beal 


sel 
(i Oymience7,—.7 <6) <7 = 7, foranysel. But, tory z= 9, 
both series in (9.14.2.1) are normally convergent (9.1.2), hence by (8.7.9), 
for any positive or negative integer m 


= edz Ay (zee a2 > Dal ete ae 
a 


n=0 y» n=1 y 


z+11(k + 1) is a primitive of z* for k 4 — 1, we have f 2*dz=0 for 


any circuit o; (9.14.2) then follows from the definition of the index. 

If now y is in S, we remark that there is an open ring S,: 
(1 — e)ry< |z| < (1 + )r, contained in A (3.17.11), and we are back to 
the preceding case. 


15. Isolated singular points; poles; zeros; residues. 


If F is a subset of a metric space E, an tsolated point of F is a point 
x9 € F such that there is a neighborhood V of x» for which VN F = {49}. 
When every point of F is isolated, the topology of the subspace F is discrete 
(i.e., identical with the topology defined by the distance (3.2.5)) and 
conversely, since it means that every one point set {x} in F is open. 
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(9.15.1) Let A be an open subset of C, a an tsolated Pott 0) Uy 
number > 0 such that all points of the ball |z — a| <r except a belong to A. 
If f is an analytic mapping of A into a complex Banach space E, then for 
0< |z—al<xr, we have 


/(2) = 2 C4(2 = a) 2 d,(z = ans 
n=0 B= 
h seri t for 0 d Ee es 
where both series are convergent for 0< lz — a|<7, and C, = Oni \ (x — a)" , 
i sal (x — a)"—'f(x)dx, where y is the circwit t +a + re" (O<t< 2a). 
Tt 


y 
This follows at once from (9.14.2) applied to the ring p < |z — a| <7, 
where p is arbitrarily small. 


oO 


Observe that the series «(x) = XY d,x” is an entire function such that 
n=1 


(0) = 0; we say that the function u(1/(z — a)) is the sengular part of f 
in the neighborhood of a (or at a). When u = 0, f coincides in the open 


set U: 0< |z—a|<yr with the function g(z) = XY c,(z — a)”, which is 
n=0 
analytic for |z — a| < 7; conversely, if f is the restriction to U of an analytic 
function /, defined for |z —a|<y, then f, = g by (9.9.4) and (9.15.1), 
hence « = 0. When uw + 0, we say that a is an tsolated singular point of f. 
If « is a polynomial of degree m > 1, we say a is a pole of order n of f; if 
not (i.e. if d,, 4 0 for an infinite number of values of m) we say a is an 
essential singular point (or essential singularity) of f. In general, we define 
the order w(a; f) or w(a) of f at the point a as follows: w(a) = — cif ais 
an essential singularity; w(a) = — nif aisa pole of order n > 1; w(a) =m 


if 7-0, #=0 and im the power seties 2 ¢ (2 — a)” equal to j(2jetor 
p=) 


0< |z—al<~yr, m is the smallest integer for which c,,40; finally 
(a; 0) = + co. When w(a; /) = m > 0, we also say a is a zero of order m 
of 7. Observe that if both /,g are analytic in the open set U: 0 < |z — al <7, 
and take their values in the same space then w(a;f-+ g) > Min(w(a;/),w(a; g)); 
if one of the functions /,g is complex valued, then w(a; fg) = w(a; f) + w(a; g) 
when one of the numbers w(a;/f), w(a;g) is finite. Any function / analytic 
in U and of finite order » (positive or negative) can be written in a unique 
way (z — a)"/,, where f, is analytic in U and of order 0 at the point a. Finally, 
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if fis analytic in U and complex valued, and of finite order m, then it follows 
from the principle of isolated zeros and from (9.3.2) that there exists a 
number 7’ such that 0< 7’< 7 and that 1/f is analytic in the open set 
0< |z —a| <7’; we have then w(a;1//) = — w(a; /). 


(9.15.2) Let f be analytic in the open set U: 0< |z — a| <r. In order that 
wa; f) =n where n is a positive or negative integer, 1t 1s necessary and 
sufficrent that there exist a neighborhood V of a in © such that (z — a)~ “f(z) 
be bounded in VNU. 


The condition is obviously necessary, since a function having order > 0 
at ais the restriction of a function analytic in a ball |z — a| < r. Conversely, 
by considering the function (z — a)” "f(z), we can suppose 7 = 0. Then it 
follows from (9.15.1) and the mean value theorem that if ||/(z)|| < Min U, 
we have, for any p such that 0<p<y,, ||d,,|| << Mp” for any m > 1; 
as p is arbitrary, this implies d, = 0 for each m > 1, q.e.d. 


The coefficient d, in (9.15.1) is called the residue of f at the point a. 


PROBLEMS 


1) Show that there are no isolated singular points for analytic functions of p > 2 
complex variables (in other words, if A is an open subset of c?, ae A and a mapping f 
of A — {a} into a complex Banach space E is analytic, it is the restriction of an analytic 
mapping of A into E; use problem 5 in section 9.10). 

2) Let f be a complex valued analytic function of one complex variable having 
an essential singularity at a point a€ (@; show that for any complex number 4, it is 
impossible that the function 1/(f — A) should be defined and bounded in an open set 
of the form V — {a}, where V is an open neighborhood (use (9.15.2)). Conclude that 
for any neighborhood V of a such that f is analytic in V — {a}, {(V — {a}) is dense 
in C (‘‘Weierstrass’s theorem’’; see section 10.3, problem 8). 

3) An entire function which is not a polynomial is called a transcendental entire 
function. Let f be a complex valued entire transcendental function of one complex 
variable. 

a) Show that for any integer x > 0, the open subset D(m) of € consisting of the 
points z€C such that |f(z)| > ” is not empty and cannot contain the exterior of any 
ball (apply problem 2 to the function f(1/2)). 

b) Let K(x) be a connected component (3.19.5) of D(m). Show that K() is not 
bounded and that [f(z)| is not bounded in K(n) (if a¢ K(n), consider the function 
f(1/(z — a)) and use problem 14 of section 9.5). 

c) Show that there is a continuous mapping y of [0, + co[ into C, such that in every 


interval [0,a], y is the primitive of a regulated function, and that lim |y(t)|= + 0 
t—» + 0 


and lim |f(y())| = +c. (Consider a sequence of open subsets L, € € such that 


t—>+ 0 
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L, is a connected component of D(n), and L,,; CL, for every m; the existence of 
such a sequence follows from b). Use then (9.7.2). 


d) Extend the preceding results to complex valued entire transcendental functions 


of an arbitrary number of complex variables. (If f(%,---.2p) =24@n,.. Ass BE 


n 
eels 
there exists at least an index # such that there are infinitely many monomials with 
non zero coefficient @,,__, ny and arbitrarily large »,. On the other hand, prove that 


if (gm) is a denumerable family of entire complex valued functions of p complex 
variables, none of which is identically 0, then there exist points (¢,,...,¢») for which 
Em(Cp-- 6p) 0 for every m; to do this, use induction on #, and the fact that for 
a function h(z) of one complex variable, analytic in AC € and not identically 0, 
the set of solutions z of h(z) = 0 is at most denumerable (see (9.1.5)).) 

4) Let o(*) be an arbitrary increasing and positive real function defined in 
[0, + cof. Let (k,) be a strictly increasing sequence of integers such that k, = 1, and 


(nf(n — 1))*#> y(w + 1) for n> 1. Show that the power series 


is convergent for all zé€ C, and that for every real ¥ > 2, {(¥) > p(*) (in other words, 
there are entire functions which tend to infinity “faster” than any given real function). 


5) For any real numbers «,@ such that 6> 0, let L,g be the endless road 
(section 9.12, problem 3) defined as follows: for t< — 1, Ly ,(#) =a — 218 —t— 1; 
for —1Il<t<l, Lye) =a+ipt; for t/>1, Legt)=a+i1f+e¢—1. Let 
Gap = Le,e(R). 


P14 37 
a) Show that hy <Bp< — and if x ¢ G, g the function z— (exp (exp z))/(z — ¥) 


is improperly integrable along L, g. Furthermore, is £,,8, are such that Bae) ®)| <fhy <Ay 
Sis [OCs se See te Wale a) ce, Wels poe along Ly, and Ly, are the same; 
similarly, if Bix) < 0, < a, or a, oo, < A(z), or | (%)| 99 the imteprale salons 
Ly,,g and L,,g are the same (use Cauchy’s theorem). 


b) Deduce from a) that if L = Loz, 


ie) = 1 | (ze (exp 2) oe 
L 


271 Z— % 


can be extended to an entire function. 


c) Show that 
—— J exp (exp z)dz = 1 
217 L 
(prove that the integral along Ly, g of exp (exp z) is independent of « and @ (provided 


nu 32 
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d) Show that if x belongs to the open set A defined by &(x) < 0 or |.F(x)| > a, 


1 F(x) 
E(a) = —— + 


x? 


where F(%) is bounded in A (express F(x) by an integral along Lo,g with 6 < a, using 
a) and c)). 

e) Show that if x belongs to the open set B defined by A(x) > 0 and |.¥(x)| < a, 
then 


where G(#) is bounded in B (prove first, using Cauchy’s formula, that if —1< #(x) <0 
and 7 (x)= 2, then 


1 exp (exp z 
SC) en Ga ESE 
2nt yr 2—*# 


where L’ = L_j,. Show next that that formula is still valid for x € B using (9.4.2), 
and express G(x) by an integral along L_j with 8 > a). 
f) Let H(x) = E(x)e— ®); show that H is an entire transcendental function such 


that lim H(ve'®) = 0 for every real 6 (use d) and e); compare with the result of 
i? Sage Ce 


problem 3). 


6) Let f be a complex valued entire function of p > 2 complex variables. Show 
that if f(a,,.. . 4p) = 6, then for every y > 0, there exists z = (4,.. -,Zp) such that 
2 zp — a,|? = 7? and f(z,,...,2) = & (use problem 5 b) of section 9.10). 

R 


7) Let f be an analytic mapping of an open subset A ¢ C? into a complex Banach 
space E. A frontier point 2) of A is called a regulary point for f if there is an open neigh- 
borhood V of z) and an analytic mapping of AU V into E which coincides with f in A. 
A frontier point of A is said to be singular for f if it is not regular. 


a) Let R<+ o be the radius of convergence (section 9.1, problem 1) of a power 


series {(z) = Xa,z" of one complex variable. There is at least one point z) such that 
n 


\29| = R which is a singular point for f. (Otherwise one could cover the circle |z| = R 
with a finite number of open balls B; whose centers 6, are on that circle, and such that 
in each open set B(0;R)U By, there is an analytic function /, coinciding with / in 
B(0;R). Show that for any two indices 4,k for which B, 9 By # ©, f, and /, coincide 
in B,M Bz, using (9.4.2), and conclude from (9.9.1) and (9.9.2) that the radius of 


convergence of Xa,z” would be > R.) 
n 


b) With the notations of a), suppose a, > 0 for every ». Show that the point 
z = R is singular for f. (One may suppose R= 1. Let e'™ be a singular point for f; 


then for 0 <7 <1, the radius of convergence of the power series Lf) (re'%)z"/n! 
n 


is exactly 1 — 7 (9.9.1). Observe that |/)(ve)| < #(v), and use (9.1.2).) 
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c) With the notations of a), suppose R = 1. Let b,c be two real numbers such that 
0<6<1,c¢=1— 5, and let p be an integer > 1. In order that the point z = 1 


be a singular point for f, it is necessary and sufficient that the Taylor series Xg(")(0)u"/n! 
n 


for the function g(u) = f(bu? + cut!) have a radius of convergence equal to 1. 
(Observe that if |u| <1, bu? + cu? +1|/< 1, and that the two sides of the last 
inequality can only be equal for « = 1. The proof for the necessity of the condition 
has to use (10.2.5), in order to show that there is in the neighborhood of z= | an 
analytic function A(z) such that z = g{h(z)) in that neighborhood.) 

d) Suppose (with the notations of a)) that a, = 0 except for a subsequence (n,) 
of integers such that mp4 > (1 + 6)”, for every &, where 9> 0 is a fixed number. 
Show that every point z, on the circle |Z) = R is a singular point for f (““Hadamard’s 
gap theorem’’; the circle |z| = R is called a natural boundary for f). (One may suppose 


to 6) 
R= 1. Use the criterion of c), taking p > 1/0, and let g(u) = 2 d,u” be the Taylor 
0) 


development of gat u = 0. By assumption, for given e > 0 there is a subsequence (m,;) 


of integers such that || me > (1 — 2)" (section 9.1, problem 1). On the other hand 


the function F(u) = L(bu? + cub +1)" = Le,u” has u = 1 as a singular point, by b), 
j n 


hence there is a subsequence (q;) of integers such that leg, > (l— e)™. Prove that 


[Iao,l| = (1 — 2)". 


16. The theorem of residues 


We first remark that any subset S C € the points of which are all isolated 
is at most denumerable, for the subspace S of C is then discrete and separable 
(by (3.9.2), (3.20.16) and (3.10.9)), hence S is the only dense subset of S 
(3.8.4). 


(9.16.1) Let ACC be a simply connected domain, (a,) a (finite or infinite) 
sequence of distinct tsolated points of A, S the set of points of that sequence. 
Let { be an analytic mapping of A — S into a complex Banach space E, 


and let y be a circuitin A—S. Then we have 
J f(2)dz = 2x Xi (a, :y)R(a,) 
y n 


where R(a,) ts the residue of f at the point a,, and there are only a finite number 
of terms # 0 on the right-hand side (‘theorem of residues’’). 


We can obviously suppose each a, is a singular point for f, for we can 
extend / by continuity to all non-singular points a,, which does not change 
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both sides of the formula (since R(a,) = 0 if a, is not singular). Under 
that assumption, for any compact set LCA, LNS is finite, for LNS is 
closed in L, as A — Sis open in € by definition; hence LN S, being compact 
and discrete, is finite (3.16.3). Let I be the interval in which y is defined, 
and let P be the set of points x ¢ A such that 7(x;y) 4 0. We know (9.8.6) 
that the closure P of P in € is compact, and P does not contain any frontier 
point of A, for such a point cannot be in y(I), nor have index + 0 with 
respect to y, by (9.8.7); as the set of points x in © — y(I) where the index 
j(xiy) takes a given value is open (9.8.3), any point in P which does not 
belong to y(I) is in P, hence PC A. On the other hand, let y(¢,é) be a loop 
homotopy in A of y into a one-point circuit ((e1, €e€ J, where J is a 
compact interval). Then M = g(I x J) is a compact subset of A. Let 
HCN be the finite set of the integers » such that a,e¢ MUP; for each 
n EH, let u,(1/(z —a,)) be the singular part of / at the point a,. Let B be 
the complement in A of the set of points a, such that nm ¢€H; then B is open, 
for a compact neighborhood of a point of B, contained in A, has a finite 
intersection with S. By definition of the singular parts, there is a func- 


1 
tion g, analytic in B, and which is equal to f(z) — pal Uy - 7 at every 
neH at 
point za, (né€H). As MCB by definition, y is homotopic 7m B to a 


one-point circuit; hence, by Cauchy’s theorem, f g(z)dz = 0, in other 


? 
words | ies = a | Un =| dz; the result then follows from (9.14.2), 
neéeH ,, i“ 


2 Y 


= 1 6a LS Gee ae 
applied to each of the functions 4, i in an open “ring”’ of center ay, 
= OH 


containing (I). 
17. Meromorphic functions 


Let A be an open subset of €, S a subset of A, all points of which are 
isolated. A mapping { of A — S into a complex Banach space E is said 
(by abuse of language) to be meromorphic in A if it is analytic in A — S 
and has order > —co at each point of S. By abuse of language, we will 
always identify / to its extension by continuity to all points of S which are 
not poles of {; the argument used in (9.16.1) then shows that we can always 
suppose that for any compact subset L of A, LS is finite. If f,g are two 
meromorphic functions in A, taking their values in the same space, and 
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whose sets of poles in A are respectively S,S’, then S U S’ has all its points 
isolated, due to the preceding remark; / + g is defined and analytic in 
A —(SUS’), and has order > —oco at each point of SUS’, hence is 
meromorphic in A (note that some points of SU S’ may fail to be singular 
for f+ g). Similarly, if f and g are meromorphic in A, and g is complex 
valued, /g is meromorphic in A. If / is meromorphic in A, S is the set 
of its poles, T the set of its zeros, then all the points of SU T are isolated; 
for if ae A and w(a) = A, then f(z) = (z — a)*},(z) ina set 0 < |z — al <7, 
where /, is analytic in |z — a| <r and j,(a) 40; the principle of isolated 
zeros (9.1.5) shows that there is a number 7’ such that O< 7’ <r, and 
f(z) 4 0 for 0 < |z — a| <r’. This proves our assertion, and shows moreo- 
ver that LN (SUT) is finite for any compact subset L of A (same argument 
as in (9.16.1)). In particular, if fis complex valued, 1// is meromorphic in A, 
S is the set of its zeros and T the set of its poles. Moreover, with the same 
notation as above, we have f'(z) = A(z — a)*~*/,(z) + (z—a)"f,(z)_ for 
0< |z—a|<y, hence /'/f, which is analytic for 0 < |z —a|<7’, has 
order 0 at the point a if h = 0, order — 1 and residue & at the point a 
if h~ 0. 


(9.17.1) Let A be a simply connected domain in C, f a complex valued 
meromorphic function in A, S (resp. T) the set of tts poles (resp. zeros), g an 
analytic function in A. Then, for any circuit y in A — (SUT), we have 


{te rn de=2ni >” ja; y)g(a)o(a: A 


y aeSUuT 


a finite number of terms only being ~ 0 on the right-hand side. 


This follows at once from the theorem of residues, for the residue of 
f/f at a point a € SUT is the product of g(a) by the residue of /’/f at the 
point a. 


(9.17.2) With the assumptions of (9.17.1) let t + y(t) (t E1) be a circuit in 
A—(SUT). If Ids the circuit t > f(y(t)), then 


(0:1) = 2X (a; y)w(a; f). 


aeSuT 


For it follows at once from (8.7.4) that |“ [0 a, hence the 
u z 
Lr 


a, 
ta 


result is a particular case of (9.17.1) for g = 1. 
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(9.17.3) (Rouché’s theorem). Let ACC be a simply connected domain, 
fg two analytic complex valued functions in A. Let T be the (at most 
denumerable) set of zeros of f, T’ the set of zeros of f + vin A, y a circuit in 
A —T, defined in an interval I. Then, if |g(z)| < |f(z)| im y(I), the func- 
tion f + g has no zeros on y(I), and 


2 (4; y)eo(a; f) = & 4(b; y)o(b; f + 9). 
aeT bet’ 
The first point is obvious, since f(z) + g(z) = 0 implies |/(z)| = |g(z)]. 
The function A = (f + g)/f is defined in A — T and meromorphic in A; we 
Oo p t h’ 
have ee +— in A—(TUT’). Using (9.17.2), all we have 
cae? 
to prove is that the index of 0 with respect to the circuit 7: ¢ > h(y(é)) is 0. 


As g/f is continuous and finite in the compact set y(I), it follows from 
(3.17.10) and the assumption that 7 = sup |g(z)/f(z)| <1. In other 


zey(I) 
words, J” is in the ball |z — 1] <~, and as 0 is exterior to that ball, the 
result follows from (9.8.5). 


(9.17.4) (Continuity of the roots of an equation as a function of parameters). 
Let A be an open set in C, F a metric space, f a continuous complex valued 
function in A X F, such that for each aE F, z — f(z,x) is analytic in A. 
Let B be an open subset of A, whose closure B in € is compact and contained 
in A, and let a € F be such that no zero of {(z,x9) is on the frontier of B. Then 
there exists a neighborhood W of a in F such that: 1° for any ae W, f(z,a) 
has no zeros on the frontier of B; 2° for any «EW, the sum of the orders 
of the zeros of {(z,x) belonging to B is independent of «. 


The number of distinct zeros of /(z,%)) in B is finite; let a,,...,a, be 
these points. For each frontier point x of B, there is a compact neighborhood 
U, of x, contained in A, such that /(z,%9) has no zero in U, (9.1.5); if we cover 
the (compact) frontier of B by a finite number of sets U,,, the union U of B 


and the U,. is a compact neighborhood of B, contained in A and such that 
(2 cay eas 1 zero in Un (A — B). Let 7 be the minimum of the numbers 
la; — a,| (¢ #7), and for each ¢ (lL< i <n), let D; be an open ball 
lz — a;| <7, of radius 7; < 7/2, contained in B; then D,ND, = 0 if 147. 
Let H = U — (LJ D,); this is a compact set; let m be the minimum value 


of |f(z,%)| in H; we have m > 0 by (3.17.10). Now, for each x eB, there 
is a neighborhood V, of x contained in A and a neighborhood W, of a in F, 
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such that |/(y,«) — /(%,9)| < m/2 for ye V, andaeW,. As B is compact, 
it can be covered by a finite number of sets Ve Ce) let 


W = M We this is a neighborhood of « in F, and by definition, for 
k 


any «e€W and any yeB, we have |f(y,«) — f(v.%)|<m. As a first 
consequence, it follows that /(y,a) 4 0 for ye H and ae W; on the other 
hand, as |f(z,x) — f(z,«9)| < |/{z,a)| in H, Rouché’s theorem, applied to 
each circuit t > a; + re" (0 <¢< 2m) shows that the sum of the orders 
of the zeros of /(z,«) in D; is independent of « € W, hence the theorem. 


PROBLEMS 


1) Let Ac C be an open simply connected set, f a meromorphic complex valued 
function in A, such that each pole of f is simple and the residue of f at each of these 
poles is a positive or negative integer. Show that there is in A a meromorphic func- 
tion g such that f = g’/g. (If 2) is not a pole of f, show that for any point z, € A which 
is not a pole of /, and any road y in A, defined in Ic R, of origin z) and extremity z,, 
and such that y(I) does not.contain any pole of f, the number exp([f(+)dx) only 

a 
depends on z and 2,, and not on the road y satisfying the preceding conditions (use 
the theorem of residues).) 


2) Let f be an entire function of one complex variable, such that for real x,y, 
|(~ + ty)||<el¥l. Show that, for any z distinct from integral multiples xz of x, 


d e +0 (_ 1)"# (ns) 


|= =e 
dz \sinz 

where the series on the right-hand side is normally convergent in any compact subset 
of € which does not contain any of the points nm (n integer). (Consider the integral 


1 f(x) ax 


i é Z 


271 y, Sin x (x — 2)? 


where y, is the circuit ¢ > (nw + 1)me for —x<t<2. Observe that for every 


€ > 0, there is a number c(e) > 0 such that the relations |z — na| > e for every integer 
(2)| 


| 
ne Z imply |sin 2| > c(e)e' ; and use the theorem of residues.) 


3) a) Show that for z 4 nz (n integer) 
1 oo 22 


cigg=— 4. 2 — : 
B n=] 22 — n*n? 


where the right-hand side is normally convergent in any compact subset of ( 
which does not contain any of the points mm. (Use problem 2 and the relation 
lim (cotg z — 1/z) = 0.) 


z—>0 
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b) Deduce from a) that 


n g2 
where the product is defined as the limit of [7 (: = a5 | , the convergence being 
k=1 n 


uniform in every compact subset of C. (Consider the entire function 


+0 g 
2) = TT (: — =) e~ zn (section 9.12, problem I), and use a) to prove that 
aay nt 


the function (sin z)/z/(z) is a constant.) 
c) Deduce from b) the identity 


(see section 9.12, problem 2). 

4) Let f be a complex valued function analytic in an open neighborhood A of 0 in C?; 
for convenience we write w instead of z, and z instead of (4,...,2)_1). Suppose that 
/(0,0) = 0 and that the function /(0,w), which is analytic in a neighborhood of w= 0 
in C, is not identically 0. Then there exist an integer 7 > 0, y functions h;(z), analytic 
in a neighborhood of 0 in C?~—!, and a function g(z,w) analytic in a neighborhood 
BCA of 0 in C?, and ¥ 0 in that neighborhood, such that 


f(z,w) = (w + hy(z)w? —1 +... + Ay (2))g(z,) 


in a neighborhood of 0 in C? (the “Weierstrass preparation theorem’’). (If /(0,z) 
has a zero of order vy at w = 0, use (9.17.4) to prove that there is a number e > 0 
and a neighborhood V of 0 in €?—! such that for any z EV, the function w— /(z,w) 
has exactly y zeros in the disc |w| < ¢ and no zero on the circle |w| = e. Let y be the 
erent?» ce" for ==. /=. 2, Show that there are functions #,(2) (l<_7 = 7) 
analytic in V and such that the polynomial F(z,w) = w’ + h,(z)w”— Me ooo tt RO 
satisfies the identity 


Fo(zw) 1 ofuleu) 1 
ee = f- ———. du 
F(z,w) 271 5 f(z,u) w—4u 


for z€ V and |w| > «.) 

5) Let (f,) be a sequence of complex valued analytic functions in a connected 
open subset A of C. Suppose that for each ze A, the sequence (fn(z)) tends to a limit 
g(z), and the convergence is uniform in every compact subset of A. Suppose in addition 
that each mapping z — f,(z) of A into C is ¢mjective. Show that either g is constant 
in A or g is injective (for any z) € A, consider the sequence (/,(z) — /»(%9)) and apply 
(9.17.4) and the principle of isolated zeros). 

6) Let gy bea real valued twice differentiable function in the interval [0,1]. Suppose 
\p(0)| < |p(1)|, and let x) be one of the zeros of p(0) — (1) cos ¥ = 0 in J—a, a[. 
Show that the entire function 


1 
F(z) = J p(é) sin zt at 
0 
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has a denumerable set of zeros; furthermore it is possible to define a surjective 
mapping ” — 2, of Z onto the set of zeros of zF(z), such that each zero corresponds 


to a number of indices equal to its order, and that lim (9, — *) — 2nm) = 
n—-»+o 


lim (29441 + %) — 2mm) = 0. (Integrating twice by parts, show that one 
n—» +00 
can write zF(z) = y(0) — y(1) cosz + G(z), where |G(z)|< aelF ici; minorize 
|p(0) — (1) cos z| outside of circles having centers at the zeros of that function, 
in the same way as |sin z| was minorized in problem 2; and use Rouché’s theorem 
in a suitable way.) Treat similarly the cases in which |(0)| > |g(1)| or |p(0)| = |@(1)]- 


Appendix to Chapter IX 


APPLICATION OF ANALYTIC FUNCTIONS TO PLANE TOPOLOGY 


(Eilenberg’s Method) 


1. Index of a point with respect to a loop 


(Ap.1.1) If t > y(t) (@a<t< |b) is a path in an open subset A of C, there ts 
in A a homotopy g of y into a road y,, such that y ts defined in [a,b] x [0,1] 
and g(a,&) = y(a) and 9(b,é) = y(b) for every Ee [0,1]. 


Let I = [a,b]; as y(I) is compact, d(y(I),€ — A) = p is > 0 (3.17.11). 
As y is uniformly continuous in I (3.16.5), there is a strictly increasing 
sequence (t,)) <, <» Of points of I such that 4 = a, ¢,, = b, and the oscillation 
(3.14) of yin each of the intervals [#,,4,,,] (O0<&<m-— 1) is < p. Define y, 
in I as follows: for #,. <<t < te41, y(t) = y(te) + =. Gy te) —= a 
(0<k<m-—1); it is clear that y, isa road, with y,(a) = y(a), y,(b) = y(d), 
and y,(I) is contained in A, since y,([t,,4,41]) is contained in the open ball 
of center y(i,) and radius p. Define then g(t,€) = éy,(4) + (1 — 4)y(4); 
it is readily verified that y(t,é) is in the open ball of center y(#,) and radius p 
hoi eee ea emcee 4 — VQ <2 eencengs vemiiecgiite 
required conditions. 


In particular, if y is a loop, we see that @ is a loop homotopy in A of y 
into a circuit yy. 

Consider now any loop y in €, defined in I, and any point a¢y(I). As 
there are, by (Ap.1.1), circuits y, which are homotopic to y in C — {4}, 
we can define the index j(a;y) as equal to 7(a;y,) for any circuit homotopic 
to y in © — {a}; by Cauchy’s theorem (9.6.3), this is independent of the 
particular circuit y, homotopic to y in C — {a}. 

Using (Ap.1.1) it is readily verified that the index of a point with 
respect to a loop does not depend on the origin of the loop (9.6), and that 
properties (9.8.3), (9.8.5), (9.8.6) and (9.8.7) still hold when “circuit” is 
replaced by “loop” in their formulation. 
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2. Essential mappings in the unit circle 


Let E be a metric space. We say that a continuous mapping / of E into 
the unit circle U: |z| = 1 is dnessentzal if there is a continuous mapping g 
of E into R such that f(x) = e) for every x ¢ E. A continuous mapping / 
of E into U is called essential if it is not inessential. 


(Ap.2.1) If f,,f, ave inessential mappings of E into U, f,/, and 1/f, = f are 
inessential; if f, 1s essential and f, inessential, then ff. and fy/f, are essential. 


(Ap.2.2) If f ts an inessential mapping of E into U, and g a continuous 
mapping of a metric space F into E, then fog ts tnessentzal. 


These properties are obvious consequences of the definition. 


(Ap.2.3) Any continuous mapping f of a metric space E into U such that 
(LE) = U vs tnessenial 


Let ¢,¢U — j(E). There is a €R such that 6, = e, and the restric- 
tion of t +e” to the open interval Ja,« + 22[ is a homeomorphism of 
that interval onto U — {€ } (9.5.7); if % is the inverse homeomorphism, we 
have f(x) = e/™) for every x EE, q.e.d. 


(Ap.2.4) If f,,fo ave two continuous mappings of a metric space E into U, 
such that f,(x) A — f,(x) for any x EE, and if }, ts essential (resp. inessen- 
Vial so 7s j,: 


For / = f,/f, is a continuous mapping of E into U which does not take 


the value — I, hence is inessential by (Ap.2.3). 


(Ap.2.5) Let E be a compact metric space, | = [0,1], f a continuous mapping 
of E x Iinto U. If the mapping x — f(x,0) ts essential (resp. inessential), 
so 1s the mapping x — f(x,1). 


As fis uniformly continuous in E x I (3.16.5), there is an integer n > 1 
such that the relation |s —¢} <1/m implies |/(x,s) — f(x,2) 


<.liorany «2: 
k 

Pew. — i(. = for 0< k <n; we therefore have |f,(x) — feii(x)| <1 

for any xe E andO0< k <u — 1, and as |f,(x)| = |f,,,(x)| = 1 for x EE, 

we have f,(x) # — f,.,(*) for xe E. Hence the result by (Ap.2.4). 


(Ap.2.6) Any continuous mapping f of a closed ball (in R") into U ts 


inessential. 
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Let E be the ball d(x,a) <7, and define g(x,t) = f(a + t(x — a)); then 
g is continuous in E X [0,1], g{x,1) = f(z) and p(x,0) = f(a); as x — g(x,0) 
is inessential (Ap.2.3), so is f by (Ap.2.5). 


(Ap.2.7) Let A,B be two closed subsets of a metric space E, such that E = AUB, 
and that ANB be connected. Let f be a continuous mapping of E into U; 
if the restrictions of f to A and B are inessential, f is inessential. 


There are, by assumption, continuous mappings g,h of A and B into R 
such that f(x) = e*) in A, f(x) =e™* in B. For xe ANB, we have 
therefore e’8*) — e™™, hence (9.5.5) (g(x) — A(x))/2% is an integer; but 
as g —h is continuous in the connected set ANB, this implies g — h is a 
constant 2nn in ANB by (3.19.7). Let then u(x) = g(x) in A, u(x) = h(x) + 2nx 
in B; it is clear that f(x) = e™*) in E, and as g and h + 2nz coincide in 
ANB, wu is continuous in E, q.e.d. 


(Ap.2.8) In order that a continuous mapping f of U into itself be essential, 
a necessary and sufficient condition is that ](0;y) ~ 0 for the loop y: t > fle’) 
(Ort 271), 


By (9.8.1) we can write f(e”) =e, where x is continuous in [0,27], 
and (2%) — ¥(0) =2nm by (9.5.5), ~ being the index 7(Q;y). Let 
o(t,€) = w(t) + &(nt + f(0) — df(t); if, for € = e* (0<t < 2x) and for 
0<&<1, we write 9(f,6) = e'°""), g is continuous in (U — {1}) x [0,1] 
Boo 2) atdeas ge (9) re) = (1) ier any €, g is extended iby 
continuity to U x [0,1]. By (Ap.2.5), we are thus reduced to proving the 
theorem for the mapping /: ¢€ — ¢”. It is clear that for m = 0, f is inessen- 
tial. Suppose x 4 0, and let us prove by contradiction that / cannot be 
inessential. Otherwise, there would exist a nonconstant continuous 
mapping h of U into R such that ¢* =e”) in U. As h(U) is a compact 
(3.17.9) and connected ((9.5.8) and (3.19.7)) subset of R, 2(U) is a compact 
imueralatac witha (3.19 1)0 Let G76.) such that “(C)) 1.) We 
fienerore shave ¢, — e: there is a neighborhood V of ¢, in U such that 
the oscillation (3.14) of # in V be < 2; on the other hand, (9.5.7) applied 
to the interval ja — xz/n,a + a/n[, proves that there exists a point ¢¢ V 
such that ¢” = e@-*, where e>0 is sufficiently small. By (9.5.5), 
h(C) — (a — e) is a multiple of 2x, and the choice of V implies that this 
multiple can only be 0 as soon as e < 2; but this contradicts the defini- 


tion of a. 


(Ap.2.9) The identity mapping € — € of U onto itself is essential. 
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3. Cuts of the plane 


In a metric space E, we say a subset A of E separates two points %,y 
of E — A if the connected components (3.19) of x and y in E — A are 
distinct. We say that A cuts E (or is a cut of E) if E — A is not connected. 

For any two points a,b of © such that a ¥ 4, let s,,(z) be the function 
z — (zg — a)/(z — 6), defined in C — {0}; it is readily verified that s,, is a 
homeomorphism of C — {b} onto C — {I}. 


(Ap.3.1) (Eilenberg’s criterion). Let H be a compact subset of C; in 
order that H separate two distinct points a,b of C — H, a necessary and suffi- 
cient condition is that the mapping z — s, ,(2)/|S,,4(2)| of H tnto U be essential. 


a) Sufficcency. Suppose a and 6 are in the same connected component A 
of C— H. As € — H is open in € and € is locally connected ((3.19.1) and 
(3.20.16)), A is open in © (3.19.5). By (9.7.2) there is a path ¢ > y(é) in A, 
detined an 1 — [01], such that (0) 4, (1 ))— es 2) ear sioueanigs 
value of 4, the mapping (z,t) > f(z,t) = s,,.)(2)/|8.,,(2)| is continuous in 
H XI, and /(z,0)=1, /{z,1) =s,,(2)/|s,,(2)|; the result follows from 
(AND PEN 

b) Necessity. Let A be the connected component of € — H which 
contains a; A is open in € and all its frontier points are in H (they cannot 
be in another connected component of € — H, otherwise A would have 
common points with that open component); as 65¢@AUH, we have 
d(b,A U H) > 0. Let A’,H’ be the images of A,H under the homeomorphism 
zs, ,(z) of C — {b} onto C — {1}; H’ is compact and A’ is a connected 
open subset of © — H’, which is bounded and contains 0. Moreover, the 
frontier points of A’ in C are points of H’ and (possibly) 1; hence A’ is 
compact and so is A’U H’. In addition, if 1 belongs to the boundary of A’, 
this means that A is unbounded, hence has points in common with the 
exterior of a ball containing H; but as that exterior is connected (9.8.4), 
it is contained in A by definition of a connected component (3.19). This 
shows that there is a ball V of center 1, such that V — {1} CA’, hence 1 
is not a frontier point of © — A’, which proves that the frontier of © — A’ is 
always contained in H’. We have to show that the mapping u > u/|2| 
of H’ into U is essential (Ap.2.2). Suppose the contrary; then there would 
exist a continuous mapping / of H’ into R such that u/|s| = e4) for ue H’. 
By the Tietze-Urysohn theorem (4.5.1), f can be extended to a continuous 
mapping g of A’U H’ into R. Define a mapping / of © into U by taking 
h(u) = u/\w) for «eC — A’, h(w) = e® for wEA’; it follows at once from 
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the definition of g that A is continuous in C. Let ry > 0 be such that A’ is 
contained in the ball B: |z| <7; the restriction of # to B is inessential 
(Ap.2.6), and so is therefore the restriction of # to S: |z| =7. But the 
identity mapping ¢ — € of U onto itself can be written h,og,, where h, is 
the mapping z — z/|z| of S onto U, and g, the mapping ¢ — r¢ of U onto S. 
However, /, is the restriction of # to S, hence inessential, and therefore 
hyog, would be inessential (Ap.2.2), contradicting (Ap.2.9). 


(Ap.3.2) (Janiszewski’s theorem). Let A,B be two compact subsets of C, 
a,b two distinct points of C — (AUB). If neither A nor B separates a and b, 
and if ANB ts connected, then AUB does not separate a and b. 


From the assumption and (Ap.3.1) it follows that the restrictions of 
z — s,,(z)/|s,,(z)| to A and B are inessential; by (Ap.2.7) the restriction 
of that mapping to AUB is also inessential, hence the conclusion by 
(Ap.3.1). 


4. Simple arcs and simple closed curves 


An injective path ¢ > y(é) in ©, defined in I = [2,8], is also called a 
simple path; a subset of € is called a simple arc if it is the set of points y(I) 
of a simple path. A loop y defined in I is called a simple loop if p(s) 4 y(4) 
for any pair of distinct points (s,¢) of I, one of which is not an extremity 
of I. A subset of € is called a simple closed curve if it is the set of points 
of a simple loop. Equivalent definitions are that a simple arc is a subset 
homeomorphic to [0,1], and a simple closed curve a subset homeomorphic 
to the unit circle U (9.5.7). 


(Ap.4.1) The complement in C of a simple arc is connected (in other words, 
a simple arc does not cut the plane). 


Let y be a simple path defined in I, and let / be the continuous mapping 
of y(I) onto I, inverse to y. Let a,b be two distinct points of © — (I). 
By (Ap.3.1), we have to prove that the restriction p of z — $,4(2)/|S_,4(2)| 
to y(I) is inessential. But we can write p = (poy)of; the continuous mapping 
poy of I into U is inessential (Ap.2.6), and so is therefore g by (Ap.2.2). 


(Ap.4.2) (The Jordan curve theorem). Let H bea simple closed curve in C. 
Then: 


a) © — H has exactly two connected components, one of which is bounded 
and the other unbounded. 
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b) The frontier of every connected component of © — H ts H. 


c) Ifyis a simple loop defined in I and such that y(1) = H, then q(x ;y) =0 
if x 1s in the unbounded connected component of C — H, and 7(x;y) = + 1 
if x ts in the bounded connected component of C — H. 


The proof is done in several steps. 


(Ap.4.2.1) We first prove 6) without any assumption on the number of 
components of C — H. Let A be a connected component of € — H; as 
C — H is open, we see as in (Ap.3.1) that the frontier of A is contained in H. 
Let 2 eH, and let / be a homeomorphism et U onto i; ler G — ee UU 
be such that /(¢) = z. Let W be an arbitrary open neighborhood of z in C, 
VcW a closed ball of center z; then there is a number w such that 
0 < w <a and that f(e”) € V for? —w<t<6-+ a; let J be the image 
of that interval by ¢ > /(e”); then the complement L of J in H is the 
image by ¢ — /(e”) of the compact interval [6 + w — 22,0 — @] (9.5.7), 
and is a simple arc by (9.5.7). It follows from (Ap. 4.1) that the open set 
C>— ESU— His) connecied Vhereiore (9.7.2) ton any eee le 
there isa path yim — L, definedin | — [@,6], such that y(a) — 4) (0), 
The set y(I) N J is compact and contained in V; let M be its inverse image 
by y, which is a compact subset of I, such that a¢é M; let c= inf M> a. 
Then the image by y of the interval [a,c[ is a connected set P ((3.19.7) and 
(3.19.1)), which does not meet J nor L, hence is contained in © — (J UL) = 
C — H; as P contains %, it is contained in A by definition. But when t < c 
tends to c, y(t) € A tends to y(c) EV, hence y(t) € W as soon as c — ¢ is 
small enough; this shows that z eA, q.e.d. 

(Ap.4.2.2) We next prove the theorem under the additional assumption 
that H contains a segment S with distinct extremities. Applying to © a 
homeomorphism z — Az + 4, we can suppose S is an interval [— 4,a] 
of the real line R. Let p = d(0,H — S) <a, and consider an open ball D: 
Jz|<7, with r<p; then Dn (C—H)=Dn(€~— S), and it is clear 
that Dn (€ — S) is the union of the two sets D,: |z| <7, #z > 0 and D,: 
lz] < 7, £z < 0, which have no common points. It is immediately verified 
that the segment joining two points of D, (resp. D,) is contained in 1D), 
(resp. Dy), hence (3.19.3) that D,,D, are connected. On the other hand, 
we have seen in (Ap.4.2.1) that every connected component of © — H 
meets D, hence meets D, or D,; but if two connected components of 
C — H meet D, (resp. D,), they are necessarily identical, since D, (resp. D,) 
is connected and contained in © — H (3.19.4). This proves that C — H 
has at most two connected components. We prove next that C — H is not 
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connected, hence has exactly two components. Suppose the contrary, and 
let x € D,, ye Dy; as D is connected, © — D does not separate x and y; 
on the other hand, if © — H is connected, H does not separate x and y. 
But Hn (€ — D) is the complement in H of the open interval |—r,7[; 
by (9.5.7), this complement is therefore a simple arc, hence connected. 
By Janiszewski’s theorem (Ap.3.2), the union HU (€—D) does not 
separate x and y; but this is absurd, since the complement of H U (€ — D) 
in C is D, U D,, and D,,D, are open sets without common points, hence 
D, U D, is not connected. 

As H is compact, it is contained in a ball of center 0, whose complement 
in € is connected, hence contained in a connected component of € — H; 
this shows one of these components A is unbounded, and the other B is 
bounded. Moreover, it is clear that 7(x;y) = 0 when x € A (9.8.5). On the 
other hand, D, is contained in one of the components of € — H, D, in the 
other; all we need to prove therefore is that 7(%,;v) — 7(x.;v) = + 1 for 
one point x, € D, and one point x, € D, (9.8.3). Supposing the origin of y 
to be the point ae€S, let J CI be the inverse image by y of H — S, which 
is a compact interval [«,8] and let y, be the path ¢ — y(t) defined in J, of 
extremities — a and a. By (Ap.1.1) there is a homotopy gy, in © —D of 
y, into a road yg, such that q, is defined in J x [0,1] and 9,(«,é) = y(¢), 
y,(6,&) = y(8) for any &. Define gin I x [0,1] as equal to g, in J x [0,1] 
and to y(é) for any (¢,)e(I — J) x [0,1]; then for any x, ¢ D, (resp. 
%,€D,), p is a loop homotopy in € — {x,} (resp. C — {%9}) of y 
into a circuit y,;. We can therefore limit ourselves to proving that 
j(*177) — 7(%_;y) = +1 when y is a circuit defined in I, having the fol- 
lowing properties: 1° SC y(I) and if T is the inverse image y~‘(S), then 
T is a subinterval of I and the restriction of y to T is a homeomorphism of T 
onto S; 2° y(I — T) is contained in € —D (note that perhaps this new 
y is not a simple loop). Then the inverse image by y of the interval [—7,7| 
is a subinterval [A,u] of T; suppose for instance that y(A) = — 7, y(u) = 7. 
We can suppose (replacing y by an equivalent circuit) that A = — 2, uw = 0, 
and moreover that — 7 is the origin of y, so that I = [— 2,@] with w > 0. 
alee 5, 4 == —<¢e with O= <7, let o be the road ¢ > y(t), 
—na<ti<0, 6, the road t >re”, —xn<t<0, 6, the road ¢ =e", 
—2<t<0. Then, Cauchy’s theorem applied in the half-plane 4(z) < & 
(resp. 4£(z) > — €) which is a star-shaped domain (9.7.1) yields 


dz | dz a |“.-\¢ 
gene © zig Jz +ik 


G a G Oy . 
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Hence 


(y(t)? + & 


Z dz Qéy' (t)dt 

2ai(7 (4457) — 1(%257)) = le g Z |. me le eae 
by & 0 

Now the left-hand side is independent of &, and when é tends to 0, the right- 
hand side tends to 277, using the fact that |y(¢)| >r for 0 <t<a, the 
mean value theorem (to majorize the last integral), and (8.11.1). 
(Ap.4.2.3) We now turn to the case in which H contains no segment 
with distinct extremities. Let a,b be two distinct points of H, S the segment 
of extremities a,b; we may again suppose that S is a closed interval in R. 
By assumption, there is at least one point xe SM(C — H); let J be the 
connected component of x in SN (C — H), which is an open interval |y,2[ 
since SM(C — H) is open in R ((3.19.1) and (3.19.5)); moreover its 
extremities y,z are in H. Let g be a homeomorphism of H onto the unit 
circle U, and let g(y) =e", g(z) =e”, where we may suppose that 
C= 1d <0 27 (7-5-7). Let UWS be the simple arce siinace s0l wees ae 
¢<t<d, and it +e”, d<i<c +t 2m, and let H,,H, be their images 
by the homeomorphism / of U onto H, inverse to g. Using (9.5.7), we see 
immediately that there is a homeomorphism /, (resp. /,) of U, (resp. U,) 
onto the closed interval J = [y,z], such that /,(e%) = f,(e) = y, 
i(e) = f,(e") = z. Let A, (resp. h,) be the mapping of U into ©, equal 
to77 im U, (resp; im U5), to 7, im U, (resp. to 7, in Ui). the detimiionsers| 
implies that ,,4, are homeomorphisms of U onto two simple closed curves 
G,=H,UJ, G,=H,U J, each of which contains the segment J. Let 
w € Hj, distinct of y and z; there is an open ball D of center w, which does 
not meet the compact set G,. From (Ap.4.2.1), each connected component 
of © — G, has points in D; moreover, if w’,w’’ are two points of D in a 
same connected component of C — G,, w’ and w’’ are not separated by G,; 
they are not separated either by Gy, since they belong to De C — G, 
which is connected, But G,N G, = J is connected, hence, by Janiszewski’s 
theorem (Ap.3.2), w’ and w” are not separated by G, U Gy, nor of course 
by HC G,U G,. In other words, w’ and w’’ belong to the same connected 
component of © —H. But as © — G, has exactly two connected compo- 
nents, and each connected component of € —H has points in D by 
(Ap.4.2.1), it follows that € — H has at most two connected components. On 
the other hand, it follows from (Ap.4.2.2) that there are two points w’, 
w"’ in D which are separated by G,. We show they are separated by H. 
Otherwise, as they are not separated by Gp, and G, nm H = H, is connected, 
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they would not be separated by G, U H 3 G, (Ap.3.2), contrary to assump- 
tion. We have thus shown that € — H has exactly two connected compo- 
nents; the same argument as in (Ap.4.2.2) proves that one of them, A, 
is unbounded and the other, B, is bounded. 

Finally, we can suppose y is the origin of the loop y, and, if I = [a,8], 
that H, = y([«,4]), Hy = y([A,8]). Define the loops y, and y, as follows: 
yt) = (6 —a + 1)(y — 2) +2 fora —l<t<a, y(t) = y(t) fora ci <a; 
yall) = y(t) for 2 <b <B, wt) — y + (¢— Bz — y) for B<E< BHI. 
Using (Ap.1.1) it is immediately verified that for any point x ¢ G, U Gy, 
1(x3v) =7(% 571) +7(%;y_). With the same meaning as above for D, let again 
w’,w’’ be two points of D separated by G,; then we have j(w’ ;y.) =7(w’’; ye) 
since w’ and w”’ are not separated by G, (9.8.3), and 7(w’ ;y,) —7(w”’;y,)= +1 
by (Ap.4.2.2). From this it follows that 7(w’;y) — 7(w’sy) = +1, which 
ends the proof. 


(Ap.4.3) Let H be a simple closed curve in ©, D the bounded connected 
component of C — H. Then, for any loop y in D, 7(x;y) = 0 for any x EH. 


Let U be an open ball of center x, having no common points with the set 
y(1) of points of y. There exists in U a point z€C — (DUH) =C—D 
(Ap.4.2), and as U is connected, 7(x;y) = 7(ziy) (9.8.3). But 7(z;y) = 7 (yy) 
for all points y of the unbounded connected component € — D of H (9.8.3), 
and there are points y € © — D which are exterior to a closed ball containing 
yi tor such points, 7(y;7) = 0 (7.8.5), hence the result. 


PROBLEMS 


1) Let A be a connected open subset of €; show that for any two points a,b of A, 
there is a simple path y contained in A, having a and b as extremities, and whose set 
of points is a broken line (section 5.1, problem 4; this amounts to saying that y is 
piecewise linear). (Use a similar argument as that in (9.7.2). Ifa ‘square’ Q=Ix ICA 
{I closed interval with non empty interior in R) is such that a¢ Q, and there is a 
simple path ¢ — y,(¢) in A, defined in J C R, with origin a and extremity ¢ € Q, consider 
the smallest value 4; ¢ J such that y,(f)¢ Q, and observe that the segment of 
extremities y,(/)) and any point of Q is contained in Q.) 

2) Is Janiszewski’s theorem still true when-A and B are only supposed to be 
closed subsets of C, even if AM B is compact (and connected) ? Show that the state- 
ment of the theorem remains true in the two following cases: 1° A,B are two closed 
sets, one of which is compact; 2° A and B are two closed sets without a common point. 
{If ¢ is a point sufficiently close to a, consider the mapping z—> 1/(z — ¢), and the 
images of a,b,A and B under that mapping.) 

3) For any simple closed curve H in €, denote by #(H) the bounded component 
of C — H. 
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a) Let A be a connected open subset of C, H a simple closed curve contained in A. 
Show that A — H has exactly two connected components, which are the intersections 
of A and of the connected components of C — H (use problem 2). 

b) More generally, if H; (1<i<_yr) are y simple closed curves contained in A, 


and such that no two of them have common points, the complement of (J H; in A 
t 


has exactly y + 1 components (use induction on 7). 

c) If H,H’ are two simple closed curves without a common point in C, show that 
either 6(H) n 8(H’) = @, or the closure of one of the sets @(H),f(H’) is contained in 
the other. (Observe that if H c @(H’), the unbounded component of € — H’ has no 
common point with #(H), using (3.19.9).) 

d) Suppose a connected open subset T of C has a frontier which is the union of r 
simple closed curves H; (l1<{i< 7), no two of which have common points. Show 
that there are only two possibilities: 1° T is unbounded and no two of the sets £(H,;) 
have common points, their union being the complement of T; 2° there is one of the H,, 


say H,, such that the #(H,) are contained in £(H,) for 1 <i<yv—=1, no two of the 
B(H;) (1 <1< vy — 1) have common points, and T is the complement of the union 


of the 4(H,;) (for 1 <1< rv — 1) in @(H,). (If y; is a simple loop whose set of points 
is H; (l1<i< v7), observe that the indices 7(+; y,) are constant for x € T, and that at 
most one of them may be + 0; otherwise, using c), show that one at least of the 
H; would not be contained in the frontier of T.) 


4) Let A be a bounded open connected subset of C, such that for any loop yin A 
and any z€C— A, j7(z;v) = 0. 

a) Show that for any simple closed curve Hc A, the bounded component #(H) 
is contained in A. (Observe that otherwise it would contain points of C — A, using 
(3.19.9) and part b) of the Jordan curve theorem.) 


b) A grating of width « > 0 in C is the set of points (m + in)x, where m,n are 
arbitrary rational integers; these points are called the vertices of the grating. For 
each vertex (m+ in)x, the four vertices ((m+1)+i(m + 1))ax are called the 
neighboring vertices of (m + in)a. The set Qj, consisting of the points ¥ + iy such 
that ma <*< (m+ ljx and na < y < (w+ l)a is called the open square of the 
grating, of indices m,n; its closure is called the closed square of the grating, of indices 
m,n; the frontier of Q,., contains four vertices and is the union of the segments 
joining those of these vertices which are neighbors (the sides of Oj, or of Ohare 


Let B be the union of a finite number of closed squares of a grating. Show that 
if a vertex of the grating belongs to Fr(B), the number of neighboring vertices belonging 
to Fr(B) is equal to 2 or 4. If there is no vertex of the grating belonging to Fr(B) 
and such that all 4 neighboring vertices belong to Fr(B), show that Fr(B) is the union 
of a finite number of simple closed curves, no two of which have common points, 
and each of which is the union of sides of the squares of the grating. (Starting from 
two neighboring vertices of the grating, a,,a, in Fr(B), show that one may by induction 
define a sequence (a,) of vertices of the grating belonging to Fr(B) and such that 
ay, and a, 4 1 are neighboring vertices.) 


c) Let B be a union of a finite number of closed squares of a grating of width «, 
such that on Fr(B) there is no vertex all of whose 4 neighboring vertices belong to 
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Fr(B), and that Fr(B) is a simple closed curve (union of sides of the squares of the 
grating). Let a,b be two neighboring vertices on Fr(B); show that there exists a 
continuous mapping (z,/) > g(z,t) of B x [0,1] into B such that: 1° g(z,0) = z in B; 
2° (zt) = 2 for any / in [0,1] and any z in the segment S of extremities a,b; 
3° p(z,1) €S for any zé B. (Use induction on the number N of squares whose union 
is B; let m be the largest integer such that there is a Q,,, C B, and for that m, let n 
be the largest integer for which Q,,, C B; distinguish two cases, according to whether 
the point (m + in)« is or is not a frontier point of B, and in both cases, consider B 
as the union of two similar sets, each of which is the union of less than N squares of 
the grating.) Conclude that the interior of B is simply connected. 


d) Let B be the union of all the closed squares of a grating of width a which are 
contained in A; « is supposed small enough for B to be non empty. Let D be one of 


the (open) connected components of B; show that on Fr(D) there is no vertex of the 
grating such that all 4 of the neighboring vertices are in Fr(D). (Suppose the contrary, 
and for simplicity’s sake, suppose 0 is that vertex; then, for instance, Qo) and Q_4,_1 
are in D, there is a point z, € Q_ 1,0 and a point 2, € Oo,— 1 belonging to Fr(A). Using 
problem 1, show that there is a simple closed loop J” contained in DU {0}, and 
containing the segment of extremities (1 + i)a/2 and —(1 + 2)a/2. Reasoning as in 
(Ap. 4.2.2), show that the indices 7(z,;J") and 7(z,;/°) cannot be equal, which is a 
contradiction.) 

e) With the notations of d), show that Fr(D) is a simple closed curve. (Use b) 
and problem 3 d), to prove that if Fr(D) was the union of more than one simple closed 
curve, there would be simple loops y in A and points z¢ Fr(A) such that 7(z;y) = 1.) 

f) Conclude that A is simply ccnnected, and is the union of an increasing sequence 
(D,,) of open simply connected subsets, each of which is the bounded component of 
the complement of a simple closed curve (use c) and e)). Conversely, such a union is 
always simply connected. 

g) Extend the result of f) to arbitrary simply connected open subsets of © (for 
each , consider the closed squares of the grating of width 1/m which are contained 
in the intersection of A and of the ball B(0;z)). 

h) Let A be an open connected subset of C such that the complement € — A has 
no bounded component; show that A is simply connected (use (9.8.5)). 

5) Show that the following open subsets of C are simply connected but that their 
frontier is not a simple closed curve: 

1° The set A, of points x + iy such that O0< 4< 1, —2<y< sin(I/z). 

2° The set A, of points * + iy such that —1<%*<0 and —I]l<y< 1, or 
(eer. Ieand (= |[y/)< 1 

(In both cases, define an increasing sequence of bounded components 4(H,), 
where H,, is a simple closed curve, such that the union of the #(H,) is the given open 
set. To prove that Fr(A,) is not homeomorphic to U, show that it is not locally 
connected, using (3.19.1); to prove the similar property for Fr(A,) consider the 
complement of the point z = 1 in that set.) Are Fr(A,) and Fr(A,) homeomorphic ? 

6) Let A be a simply connected open subset of C, distinct from €. Show that the 
frontier of A contains at least two distinct points. (Show that otherwise, one would 
have A = C — {a}, using (3.19.9) and the fact that C — {a} is connected, to prove 
that there can be no exterior point of A; conclude by using (9.8.4) and (9.8.7).) 
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7) Let y be a simple loop defined in I = [0,2], and let H = y(1) be the cor- 
responding simple closed curve. Let a be a simple path defined in IJ, = [1,2] and 
such that: 1° a(l) = y(1), a(2) = y(2) = y(0); 2° a(t) e B(H) for every te J1,2[; 
let L = a(l,). Define the simple loops y,,y. in I by the conditions: 

y,(t) = y(t) for O< f<I, y, (t) = a(t) for lx t< 2; 

yo(t) =a(2 —?t) for OS ¢<1, y(t) = y(t) for lS t< 2. 

Let H, = y,(1), He = y2(I). 

a) Show that for any z € C which does not belong to H, U Hg, 7(2;y) =7(237,) +7 (2379) 
(use (Ap.1.1)). 

b) Prove that there are points z, € #(H) such that 7(z,;y,) = 0, and points zy € £(H) 
such that 7(7);7.) = 0 (use b) of the Jordan curve theorem (Ap.4.2)). 

c) Deduce from a) and b) that #(H) is the union of £(H,),f(H,) and La £(H), 
no two of these sets having common points. 

8) a) Let H bea simple closed curve Ly (1< k <n) n simple arcs, having their 
extremities in H, and whose points distinct from the extremities are in 8(H). Suppose 
in addition that no two of the L; have common points belonging to #(H). Then the 


n 
interior of the complement of J Ly in B(H) has » + 1 connected components, each 
k=1 
of which is the bounded component of the complement of a simple closed curve in C. 
(Use induction on ”, and problem 7.) 

b) Let H,,H, be two simple closed curves in ©, such that H, n H, is finite. Show 
that each connected component of @(H,) N B(H,) is the bounded component of the 
complement in C€ of a simple closed curve (use a)). 

9) Let y be a simple loop in C, defined in I = [—1,1], let H = y(I), and suppose 
(for simplicity’s sake) that y(0) = 0 and the diameter of H is > 2. Define inductively 
two decreasing sequences of numbers, (a,) and (pn), tending to 0, such that p, = 1, a, 


is the largest number > 0 such that |y(4)| < Pn for |t| <a, and py, 41 = inf (. na 5) ’ 
where 6, is the distance of 0 to the set of points y(#) such that Pes ee 

a) Prove that if z,z’ are two points of B(H) such that |z| < Pai and)|2 cero eae 
then there is a path of extremities z,z’, contained in the intersection of B(H) and of 
the closed disc of center 0 and radius p,. (Let L be a simple broken line of extremities 
z,2, contained in £(H) (problem 1). Suppose first that the segment S of extremities 
2,2 has no point in common with L, distinct from z,z’; then R= LuS isa simple 
closed curve. Prove that if f€ I is such that y(#) € B(R), then |t] < a,: observe that 
the intersection RA H is contained in S, and show that if there was a fe 1 such that 
y(t) € B(R) and |t| > a,, there would be another ¢’ € I such that y(t’) e S and | = ea. 
contradicting the definition of p,4 1. Conclude in that case by taking the connected 
component of the intersection of 8(R) and the open disc of center 0 and radius Pu 
which contains points arbitrarily close to S, and applying problem 8 b) to the frontier 
of that component. In the general case in which L and S have more than two common 
points, use induction on the number of these points.) 

b) Prove that for any point » € £(H), there is a simple arc of extremities 0 and i, 
whose points 4 0 are in B(H). (‘‘Schoenflies’s theorem’’, Consider a sequence (2,) 


of points of 8(H) such that (eal Pn+1 and apply a) to two consecutive points of that 
sequence.) 


Chapter X 


Existence Theorems 


There are of course many kinds of existence theorems in mathematics 
and this chapter only deals with one kind, namely, those which are linked 
to the notion of completeness; roughly speaking, the most intuitive result 
(10.1.3) says that when in a Banach space the identity mapping is “‘slightly”’ 
perturbed by an additional term in the neighborhood of a point, it still 
remains a homeomorphism around that point. The word “slightly” has 
to be understood in a precise way, which means more than mere “‘smallness’’ 
of the perturbing function (see section 10.2, problem 2), and has to do with 
a limitation on the vate of variation of that function, generally referred te 
as a condition of “lipschitzian” type. As a consequence, the natural field 
of application of theorems of that type consists of equations in which some 
limitation is known on the derivatives of the given functions; furthermore, 
the existence theorems obtained in that way are of a local nature. In the 
next chapter, we will meet different kinds of existence theorems, which 
can be applied to global problems. 

The main applications of the general existence theorems of section 10.1 
are: 1° the implicit function theorem (10.2.1) together with its consequence, 
the rank theorem (10.3.1) which (locally) reduces to a canonical form the 
continuously differentiable mappings of constant rank in finite dimensional 
spaces; 2° the Cauchy existence theorem for ordinary differential equa- 
tions (10.4.5) with its various improvements and consequences; both 
theorems are among the most useful tools of both classical and modern 
Analysis. Of course, what is said of differential equations in this and the 
next chapter is only a tiny fraction of that vast theory; the reader who 
wants to go farther in that direction is referred to the books of Coddington- 
Levinson [10], Ince [15] and Kamke [17]. 

As a last application, we have given a proof of the theorem of Frobenius 
(10.9.4), which, as we state it, appears as a natural extension of the Cauchy 
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existence theorem to functions of several variables; it is usually for- 
mulated in a more geometric way, as an existence theorem of manifolds 
having at each point a given ‘“‘tangent space’. For that formulation and 
the important applications it has to differential geometry and Lie theory, 
we refer the reader to the books of E. Cartan [7] and Chevalley [9]. 

It goes without saying that as usual we have expressed all results for 
vector valued functions, so that, for instance, we practically never speak 
of ‘‘systems’’ of equations; it is one of the virtues of the “vector space 
methods” that one never needs to consider more than one equation, at 
least for the proofs of the general theorems. 


1. The method of successive approximations 


As in chapter IX, K will denote either the real or the complex field, 
and whenever a statement is made about Banach spaces without specifying 
K, it is understood that all the Banach spaces concerned are over the same 
field. 


(10.1.1) Let E,F be two Banach spaces, U (resp. V) an open ball in E 
(resp. F) of center 0 and radius « (resp. B). Let v be a continuous mapping of 
U x V into F, such that ||v(x,,) — v(%,¥2)|| < 2- |\v, — yel| for x € U, 
y, EV, veEV, where k ts a constant such that O<Rk<1. Then, if 
||v(x,0)|| << B(1 — Rk) for any x EU, there exists a unique mapping { of U 
into V such that 


(10.1.1.1) 1 een) 
for any x © U; and f ts continuous in U. 


For any x €U, we will show there exists a sequence (y,) of points of V 
such that yp = 0, y, = v(x,¥,_,) for any 721. We have to show that 
if y, is defined and in V for l1<p<u, then v(x,y,)eEV. But we 
have then for 2p <4, VY, — Ypy_1 = ¥(%,Yp_1) — U(%,Yy_9), hence 
¥e — ¥p—al| <%- ||¥p-1 — ¥p—2l|, and by induction on 4 we conclude that 
Lp — pall <M ~H|lyyl|. Hence 


(Uae) NW eee P| eB & 


which proves our contention. Moreover, by induction on », we can write 
Vn = f,(*), where /, is a continuous mapping of U into V (3.11.5). We 
have furthermore ||/,(x) — f,,_ ,(«)|| <A*~" B(1 — &) for «eU, hence the 
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series (/,, — /,, 4) is normally convergent (7.1) in @,(U); as F is complete, 
the series (/,(%) — /,_,(x)) is convergent for any x €U, and if f(x) is its 
sum, / is continuous in U (7.2.1); moreover, by the principle of extension 
of inequalities applied to (10.1.1.2), ||/(x)|| < ||v(x,0)||/(1 — &) < @ for any 
x EU, hence fis a mapping of U into V. From the relation /,(x) = v(x,f, —_ ,(x)) 
we deduce (10.1.1.1) by passage to the limit, for every xe U. Finally, 
suppose g is another mapping of U into V such that g(x) = v(x,g(x)) for 
any x€U. Then, from that relation and (10.1.1.1) we deduce 


lle) — A(x)|| = ||o(.g(%)) — o(a,4(%))|| <&- |e) — f()|| 


and this implies g(x) = f(x) since k < 1. 


(10.1.2) (Fixed point theorem). Let F be a Banach space, V an open 
ball in F of center yo and radius B. Let v be a mapping of V into F such that 
|v(¥y) — v(¥9)|| < &- ||4y — vel] for any pair of points y,,Vv2 of V, where k 
is a constant such thatO << k<1. Then, if ||v(y9) — yol| < B(1 — 2), there 
is one and only one point ze V such that z = v(z). 


Observe that v is continuous in V and apply (10.1.1) to the mapping 
(x,v) + v(y + Vo) — Yo, which is independent of x. 


(10.1.3) Let F bea Banach space, V an open ball in F of center 0 and radius B. 
Let w be a mapping of V into F such that \\w(y,) — w(yo)|| <k- ||\¥. — Yell 
for any pair of points of V, with k constant and O<k< 1. Then, tf 
||o(0)|| << 48(1 — k), there is an open neighborhood WCV of 0, such that 
the restriction to W of the mapping y > g(y) = y -++ w(y) ts a homeomorphism 
of W onte an open neighborhood of 0 in F. 


We apply (10.1.1) to E = F, U being the open ball of center 0 and radius 
= B(1 — k) — ||w(0)||, and to the mapping (x,y) > v(x,y) = x — w(y); 
the conditions of (10.1.1) are then verified, hence there is a continuous 
mapping / of U into V such that f(x) = x — w(f(x)), in other words 
e(f(x)) = x for x €U. To prove / is a homeomorphism of U onto /(U), 
we need merely to show that g is an injective mapping of V into g(V) 
(since f is clearly injective in U); but the relation g(y,) = g(y,) implies 
Ilya — Yell = ||2(y2) — w(y2)|| < Ally1 — yell, hence y, = ye since k <1. 
Therefore g is the homeomorphism of W = /(U) onto U, inverse to f; 
moreover W = g~1(U) is open in F since U is open in F (3.11.4). Finally 
we have 0 € W, for that condition is equivalent to g(0) € U, and this means 
||w(0)|| <a, which is equivalent to ||w(0)|| < }A(1 — &). 
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PROBLEMS 


1) Let A be a compact metric space, d the distance on A, v a mapping of A into 
itself such that for every pair (¥,y) of distinct points of A, d(u(%),v(y)) < d(x,y). Show 
that there exists a point z€ A such that v(z) = z. (Use contradiction, by considering 
the number c = inf d(x,v(x)) and proving that there exists a point y¢A such that 


xeA 
d(y,v(y)) =e) | 
2) Let B be the ball |j*|| << 1 in the space (cy) of Banach (section 5.3, problem 5). Let 


1 
uw be the continuous linear mapping of (¢9) into itself such that u(e,,) = ( — zal Bop a5 


(n> 0), and let v(x) = $(1 + ||#||)e) + u(x). Show that v is a continuous 
mapping of B into itself such that for any pair (%,y) of distinct points of B, 
lio(x) — vII < Ile — ¥ 

n n 


the inequality 17 (l—a, >21— 2 x; for 0Sa;<). 


oll t=1 


, but that there is no point z € B such that v(z) = z (use 


3) Let E, F, be two normed vector spaces, “ a linear homeomorphism of E, 
onto a subspace u(E) of F; let v: u(E) +E be the inverse mapping of uw, and let 
m = |[ol|. 

a) Let A be an open subset of E, w a mapping of A into F such that 
||22(%,) — w(%,)|| < Alla, — %Q|| for +,,%. in A. Show that if the constant & is such 
that km < 1, then * > f(x) = u(x) + w(x) is a homeomorphism of A onto f(A). If 
in addition, E and F are Banach spaces, and u(E) = F, show that f(A) is an open 
subset of F (use (10.1.3).) 

b) Suppose w is a continuous linear mapping of E into F such that ||w|| << 1/m. 
Show that / is then a linear homeomorphism of E onto f{(E). Furthermore, for any 
Yo € u(E) such that ||¥9|| = 1, show that there exists y €f(E) such that ||y — Voll <m||w|; 
conversely, for any ye/f(E) such that ||y|| = 1, show that there exists y, € u(E) 
such that ||y — yo||< ml!w||/(1 — m||w}). 

4) Let E,F be normed spaces, « a continuous linear mapping of E into F, such 
that N = u~1(0) is a finite dimensional subspace, and there exists* a closed top- 
ological supplement M of N (5.4) such that the restriction of « to M isa homeomorphism 
onto u(M) = u(E). Let w be a continuous linear mapping of E into F; show that 
if jjw|| is small enough, and f = u + w, then /~1(0) has finite dimension at most equal 
to the dimension of %~1(0), and there is a closed topological supplement P of f—1(0), 
such that the restriction of f to P is a homeomorphism onto /(P) = /(E) (use prob- 
lem 3 b)). 

5) Let E be a Banach space, F a normed space, u a linear homeomorphism of E 
onto u(E) such that there is a topological supplement Q of u(E) in F. Show that if w 
is a continuous linear mapping of E into F with sufficiently small norm ||w||, and 
f= 4+ w, then Q is still a topological supplement of /(E) in F. (Show that the projec- 
tion of F onto u(E), restricted to /(E), is a linear homeomorphism onto u(E) when ||~|| 
is small enough, using problem 3.) 


* It can be shown that this last condition is a consequence of the other ones (see [6] 
in the Bibliography). 
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6) Let E,F be two Banach spaces, u a continuous linear mapping of E into F such 
that N = u~1(0) has finite dimension p, and has a topological supplement M such that 
the restriction of « to M is a homeomorphism onto u(M) = u(E). Suppose in addition 
u(E) has finite codimension q in F. Let w a continuous linear mapping of E into F; 
show that if ||w|| is small enough, / = « + w is such that the dimension r of f—1(0) 
satisfies the inequalities p — q@<yr< >, and that the codimension of f(E) in F is 
equal to g — p + r. (Use problems 4 and 5, as well as (5.9.3).) 

7) Let I = [0,1], and let P be the subspace of the Banach space @R(I) (7.2) 
consisting of the restriction to I of the polynomials x(t) with real coefficients. In the 
normed space P, let « be the identity mapping x — x, and let w be the linear mapping 
which to each polynomial +(f) (restricted to I) associates the polynomial +(é°), 
restrictec to I. For any e such that 0 < ¢ < 1, the linear mapping f = u + ew isa 
linear homeomorphism of P onto the subspace /(P), but the codimension of /(P) in P 
is infinite (compare to problem 6). 

8) Let E,F be two Banach spaces, u a continuous linear mapping of E into F such 
that w(E) = F, and that* there exists a number m> 0 such that for any yeF 
there is an ¥ € E for which u(x) = y and ||+|| < m||y||. Let w be a continuous mapping 
of an open ball U = B(a;r) CE into F, such that ||w(%,) — w(*,)|| << A||x, — | 
for %,,%, in U. Prove that if & and ||w(a)|| are small enough, the continuous mapping 
x — f(x) = u(x) + w(x) is such that /(U) contains an open ball of center u(a). (Use 
the same method as in the proof of (10.1.1).) 

9) Suppose E,F,U,V and v satisfy the assumptions of (10.1.1). In addition, let 
be a continuous mapping of U into itself such that ||p(x)|| < ||#|| for any * €U. 
Show that (under the condition ||v(+,0)|| << @(1 — &) for x € U) there exists a unique 
mapping f of U into V such that 


f+) = o(%,H(p(4))) 


and that f is continuous in U. 
Generalize to equations of the form 


fe) = 0 f(pi(*)), +» A(@p(4)))- 


10) Let E,F,U,V have the same meaning as in (10.1.1). Suppose the continuous 
mapping v of U x V into F satisfies the following conditions: 1° ||u(¥,y,) — v(#,¥2)|| << 
< e(ll||24+ |IvalP# + lIvel 2)|lon — yulls 2° (]o(0)|] < elle! +24, where ¢ and pw 
are constants > 0. Let A be an element of K such that |A| > 1. Finally, let x > L(x) 
be a continuous linear mapping of E into F, and let x > (x) be a continuous mapping 
of U into itself such that ||p(*)||< ||¥||. Show that there exists a mapping f of a 
neighborhood W € U of 0 into V, having the following properties: I° / satisfies in W 


the equation 


f(x) — Af () = v(x,f(p(#))): 


* It can be shown that this last condition is a consequence of the other ones (see [6] 


in the Bibliography). 
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2° lim (f(*) — L(x))/||#|| = 0. Furthermore, any two mappings having these prop- 
x—>0 

erties coincide in a neighborhood of 0. (Reduce the problem to the case in which 

L(x) = 0. Observe that if f satisfies the preceding conditions, then one must have 


in a neighborhood of 0 


(*) fx) = >) a0 le ( ()) 


where the series is normally convergent in a neighborhood of 0. Then use the method 
of (10.1.1) to prove the existence of a solution of (*) in a sufficiently small neigh- 
borhood of 0; show, by induction on », that there exists an 7 > 0 such that, for 
Nell <r Nenl@)l< [al # and |lfal*) — faa < Ilal +4) 

11) a) Let F(x,,...,%,y) be an entire function in K?+! such that in the power 
series equal to F(*,,...,%p,y), all monomials have a total degree > 2. Let m bea 
linear mapping of K? into itself such that ||p(x)|| < ||+|| for any * = (4,..-,%») € K?; 
finally, let L(x) be an arbitrary linear form on K?. Show that there is a unique solu- 
tion f of the equation 


f(x) — Af(#/A) = Flat) (JA, > VY) 


which is defined in a neighborhood of 0 and such that lim (f(*) — L(#))/||#|| = 0. 


x—>0 
Furthermore, that solution is an entire function in K?. (Apply problem 10 in a neigh- 
borhood of 0; reduce the problem to the case K = C, and apply (9.12.1) and (9.4.2) 
to prove that f/ is an entire function.) 
b) Show that there is no solution of the equation f(¥) — Af(*/~A) = x» (A> 1) 
defined in a neighborhood of 0 in R and such that f(*)/* is bounded in a neigh- 
borhood of 0. 


12) Let I = [0,2], H = [—8,6}, and let f be a real valued continuous function in 
Ix H; put M= sup __(|f(x,y)}, and let J = (0, inf (a,b/M)). 
(4,y)ElLxH 


a) For any «eé J, let E(w) be the set of values of y¢H such that y = #f(x,y). 
Show that E(#) is a non empty closed set; if g,(¥) = inf (E(*)), go(¥) = sup (E(+)), 
show that g,(0) = g,(0) = 0, and that lim g,(*)/* = lim — go(*)/* = f(0,0). 

x—>0,7% >0 x—>0,% >0 


If g, = g = g in J, g is continuous (cf. section 3.20, problem 5). 

b) Suppose a= b= 1; let E be the union of the family of the segments S,,: 
x = 1/2%, 1/4"+1< y < 1/4” (n> 0), of the segments S,,: y = 1/4", 1/2"< ¥ << 1/2"-1 
(n > 1) and of the point (0,0). Define f(x,y) as follows: /(0,y) = 0; for 1/27 < *¥< 1/2%—1 


a 
WY 
and y<1/4", take f(x,y) = (2+ aso) 5 hoe I ee es Re! ame 
Be 


ce 
x 
and y > #?, take f(%,y) = * — d((x,x*),E) (n> 1). Show that f is continuous, but 
that there is no function g, continuous in a neighborhood of 0 in I and such that 
g(x) = #f(*,g(*)) in that neighborhood. 


1/4" < y < #?, take f(x,y) = — d((x,y),E) and finally, for 1/2"< *< 1/2"—} 
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c) Let u) be a continuous mapping of J into H, and define by induction 
Uy(x) = xf(x,u, —1(%)) for n > 1; the functions uw, are continuous mappings of J into H. 
With the notations of a), suppose that inan interval [0,c]¢ J, lim (Un +1(¥) — Uy(*)) = 0 

n—> 00 


for every x, and g,(*) = go(*); show that lim u,(x) = €,(*) for OS #<e. 
n—> co 


Apply that criterion to the two following cases: 1° there exists & > 0 such that 
[f(#.21) — f(¥,29)| << klzy — 2| for x eI, 2,2, in H (compare to (10.1.1)); 2° for 
0< *<Sy <a and 4,2, in H, |f(¥,2,) — f(#,2,)| < lz, — 2|/%. 

d) When f is defined as in b), the sequence (u,()) is convergent for every xe I, 
to a limit which is not continuous. 

e) Take a=b=1, f(x,y) =y/* for O0<#<l, |y|<4?2, f(x,y) =x for 0<x<l, 
y S x*, f(x,y) = — x for OS <1, y< — x2. Any continuous function g in I 


|Z — | 


such that |g(x)|< x? is a solution of g(x) = xf(x,g(x)) although |f(x,z,) — f(%,2)|< 


for 0< x <1, 4,2, in H; for any choice of Uy, the sequence (u,) converges uniformly 
to such a solution. 

f) Define f as in e), and let /,(+,y) = — f(x,y). The function 0 is the only solution 
of g(x) = «f,(4,g(x)), but there are continuous functions uy for which the sequence 
(un(*)) is not convergent for any * 4 0, although |f,(+,z,) — f,(%,2)| < |z, — ze|/¥ 
for 0 =< 4 = 1) z,2, in’ E. 

13) Generalize the results of exerc. 12 a) and 12 c) when H is replaced by a disc 
of center (0,0) in R® (use the result of problem 3 of section 10.2). 


2. Implicit functions 


(10.2.1) (The implicit function theorem). Let E,F,G be three Banach 
spaces, f a continuously differentiable mapping (8.9) of an open subset A of 
E x F into G. Let (xo,¥9) be a point of A such that f(x9,Vo) = 0 and that 
the partial derivative Dof(X9,Vo) be a linear homeomorphism of F onto G. Then, 
there is an open neighborhood Uy of x) 1n E such that, for every open connected 
neighborhood U of x9, contained 1n Up, there 1s a unique continuous mapping 
u of U into F such that u(xo) = vo, (x,u(x)) EA and f(x,u(x)) = 0 for any 
xeU. Furthermore, u is continuously differentiable in U, and its derivative 
is given by 


(10.2.1.1) u'(x) = — (Dpf(x,4(x)))~ (Dyf(x,4(4))). 


Let 7, be the linear homeomorphism D,/(%9,¥9) of F onto G, Tj" the 
inverse linear homeomorphism; write the relation f(x,y) = 0 under the 
equivalent form 


(10.2.1.2) yy a) 
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and write g(x,y) the right-hand side of (10.2.1.2). We are going to prove 
that it is possible to apply (10.1.1) to the mapping 

(x',y') —» 8(% + #.% + ¥') — Yo 
of E x F into F, ina sufficiently small neighborhood of (0,0). As T9 ot — 
by definition, we can write, for (x,y,) and (x,y) in A, 


g(x.) — g(4,%e) = To *+ (Dof(xon¥0) * (Y1 — Ya) — (f( 41) — 1,2). 


Let ¢>0 be such that e|/7> "|| <1/2; as f is continuously differentiable 
in A, it follows from (8.6.2) and (8.9.1) that there is a ball Uy (resp. Vo) 
of center x» (resp. yo) and radius « (resp. 8) in E (resp. F) such that, for 
x EUy, ¥,E Vo. Yo E Vo, we have 


[Wi94) — N92) — Dofl%o-¥0) * (V1 — Ya) I] <ellyr — yells 
whence’ ||e(%,9,) — 8(%,¥2)|| <el|To ‘Il llv1 — yell < dll — Yel] for any 
*€ Up: ¥1€ Vor Yo€ Vo. On the other hand, g(x,¥9) — Y= — To *-f (%,¥0); 
as {(%»,Vo) = 0 and f is continuous, we can suppose é has been taken small 
enough to have ||g(x,¥) — voll < 4/2 for xe Uy. We can then apply 
(10.1.1), which yields the existence and uniqueness of a mapping u of Uy 
into Vy, such that f(x,u(x)) = 0 for every xEU,y; as /(%,¥o) = 0, this 
gives in particular u(x ) = yo; finally w is continuous in U). 

Next we prove that if UCU, is a connected open neighborhood of x9, 
uw is the unique continuous mapping of U into F such that u(x) = Yo, 
(x,u(x)) € A and f(x,u(x)) = 0. Let v be a second mapping verifying these 
conditions, and consider the subset MCU of the points x such that 
u(x) =v(x). This set contains x) by definition and is closed (3.15.1); we need 
therefore only prove M is open (3.19). But by assumption, x > D,/(x,u(x)) 
is continuous in Up, hence (replacing if necessary U, by a smaller neigh- 
borhood), we can suppose that D,/(x,«(«)) 1s a linear homeomorphism of F 
onto G for x € Up, by (8.3.2). Let ae M; the first part of the proof shows 
that there exists an open neighborhood U,c U of a and an open neigh- 
borhood V,c V of 6 = u(a) such that, for any xeU,, u(x) is the only 
solution y of the equation /(x,y) = 0 such that ye V,. However, as v is 
continuous at the point a, and v(a) = u(a), there is a neighborhood W of a, 
contained in U, and such that v(x) e V, for xe W; the preceding remark 


then shows that v(x) = u(x) for x e W, and this proves M is open, hence 
fas o tg 0), 
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Finally we show that is continuously differentiable in Up), pro- 
vided ¢ has been taken small enough. For x and x + s in Up, let us write 
= u(x -+s)— u(x); by assumption f(x + s,u(x)+?¢)=0, and ¢ 
tends to 0 when s tends to 0. Hence, for a given xe€Up5, and for 
any 6>0, there is y>0 such that the relation ||s|| <7 implies 
|f(~ + s,u(x) + t) — f(x,u(x)) — S(x)-s — T(x) - ¢|| < A(|[s|| + |{¢]]) where 
Si Dia) and 7 (xy Dex aix)) (8.9.1). This is equivalent by 
definition to 


[S(a)-s + T(x) + el] < 8(||s|] + lel) 


and as 7(x) is a linear homeomorphism of F onto G, we deduce from the 
preceding relation 


(10.2.1.3) —||(T-¥(x)oS(x)) -s + ¢|] < 4||T-1(x)||(([s|| + []4|)). 


Suppose 6 has been taken such that 6||7-1(x)|| << 1/2; then, if we put 
|| Pa ece5(%)|| =i) we deduce irom (10.2.1.3) that 


a—l ] ; 
(<2 Ish <4 cel + I 
i.e., ||t|| << al|s||, and therefore 
e+ (T-AapoStx)) sl] <H{a + H||7-*)] 


as soon as ||s|| <7. By definition of ¢, this proves w is differentiable at 
the point x and has a derivative given by (10.2.1.1). Using (8.3.2) and 
(8.3.1), formula (10.2.1.1) then proves # is continuously differentiable in Up. 


We formulate explicitly the most important case of (10.2.1), i.e. the one 
in which E = K”, F = G = K” are finite dimensional spaces: 


(10.2.2) Let f; be n scalar functions defined and continuously differen- 
tiable in a neighborhood U Xx V of @ point (ay... ,@yrdy,.-.,0,) of E X F, 
such that f;(dy,..+sQ_r01,++ +10) = 9 for 1<isgn, and that the jacobian 


O(fys+ + -ofn) 


Geena) 
borhood Wy CU of (a,,..-,4,) such that, for any connected open neighborhood 


WCW, of (ay,--+1%m), there is a unique system of n scalar functions g; 
(1 <i<n), defined and continuous in W and such that g,(a,,...,4,,) = 0; 
je Ne ye: 


ae gage (OE (Cee ay pmeenc ae aay there is an open neigh- 


Hee Dn et Vinee tne Miso) 
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for 1\<ic<n and any (%,,...,%m) EW. Moreover, the functions g, are 
continuously differentiable in W, and the jacobian matrix (Djg,(x)) 1s equal 
to — B-1A, where A (resp. B) is obtained by replacing y; by 8;(%,.--.*m) 
(lL <<i<n) in the jacobian matrix (éf,/Ax,) (resp. (@f,/ 2y;)). 


(10.2.3) If the assumptions of (10.2.1) are verified, and if in addition f ts p 
times continuously differentiable in a neighborhood of (%g,Vo), then u is p 
times continuously differentiable in a neighborhood of Xp. 


We prove by induction on & that u is k times continuously differen- 
tiable for 1 <k <>; for k = 1, this follows from (10.2.1), and moreover 
u'(x) = F(x,u(x)), where F(x,y) = — (Dof(x,y))~10(D,/(x,¥)) is 6 — 1 times 
continuously differentiable by (8.12.9), (8.12.11) and (8.12.10). By (8.12.10), 
u' is therefore k — 1 times continuously differentiable (for k < p) and that 
means that u is & times continuously differentiable by (8.12.5). 


(10.2.4) Suppose E,F,G are finite dimensional, and f 1s analytic in A; then 
u ts analytic in a neighborhood of Xo. 


If the field of scalars K is €, the result follows from (10.2.1) and the 
characterization of analytic functions as continuously differentiable func- 
tions (7.10.1). Suppose now K — Ni, HR?) = Gh einenetlicicm: 
an open set BC C”*” such that BN R”*” = A and an analytic mapping g 
of B into C” which extends / (9.4.5). Identifying D,/ and D,g with jacobian 
matrices shows that Do.g(x9,V9) transforms a basis of R” over R into a basis 
of R", and these bases are also bases of ©” over €, hence Dyg(%>,Vo) is a 
linear homeomorphism of €” onto itself. We therefore can apply (10.2.1) 
to g, which shows the existence of an analytic mapping v of a neighborhood 
W of x, in C” such that g(z,v(z)) = 0 and v(%9) = yp. Moreover it follows 
from formula (10.2.1.1) by induction on || that all the derivatives D’v 
at the point %) map R” into R” (since all derivatives of gat (%»,V9) are equal 
to the corresponding derivatives of /); hence, by (9.3.5.1), v maps a neigh- 
borhood of x) 77 R” into the space R”, and the uniqueness part of (10.2.1) 
therefore proves that the restriction of v to WN R” is identical to u, q.e.d. 


One of the most important applications of (10.2.1) is the following: 


(10.2.5) Let E,F be two Banach spaces, f a continuously differentiable 
mapping of a neighborhood V of x»EE into F. If f'(x9) ts a linear ho- 
meomorplusm of E onto F, there exists an open neighborhood UCV of xo 
such that the restriction of f to U is a homeomorphism of U onto an open 
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neighborhood of vo = f(x) in F. Furthermore, if f is p times continuously 
differentiable in U (resp. analytic in U, E and F being finite dimensional), 
the inverse mapping g of f(U) onto U is p times continuously differentiable 
(resp. analytic) in f(U). 


Apply (10.2.1) to the function A(x,y) = f(x) — y, exchanging the 
roles of x and y ; as D,h(x9,¥9) = f'(%9), we conclude that there is an 
open ball W of center y) in F and a continuous mapping g of W into E such 
that g(W) CU, (g(y)) = y in W and g(yo) = x9; furthermore, by (10.2.3) 
(resp. (10.2.4)), if f is p times continuously differentiable (resp. analytic), 
g is p times continuously differentiable (resp. analytic). From the identity 
f(g(v)) = vy it follows that g is injective in W, hence is a bijective contin- 
uous mapping of W onto V = g(W) CU; moreover, g(W) = f/-1(W) is open 
in E, and fis a homeomorphism of V = g(W) onto W, which ends the proof. 


PROBLEMS 


1) Let E,F be two Banach spaces, A an open neighborhood of a point x €E, 
f a continuous mapping of A into F, which is differentiable at 7) (but not necessarily 
at other points of A). Suppose /’(%9) is a linear homeomorphism of E onto its image 
in F; show that there is a neighborhood UC A of 4 such that f(x) 4 /(%») for every 
«x €U such that x #~ x. (Observe that the assumption implies the existence of a 
constant ¢ > 0 such that ||//(x9) - s|| = e||s|| for all se E (5.5.1).) 

2) Let f = (f,,f,) be the mapping of R? into itself defined by f,(+,,%.) = %,; 
I 2pi) = = xy for xy SS By, lol ByXs) = (x5 — 1X») %4 for 0S %< op and 
finally /9(%,, — #2) = — fo(*,,%_) for x, 0. Show that f is differentiable at every 
point of R?; at the point (0,0) Df is the identity mapping of R?* onto itself, but D/ 
is not continuous. Show that in every neighborhood of (0,0), there are pairs of distinct 
points #’,7’’ such that f(x’) = f(x’) (compare to (10.2.5)). 

3) Let B be the unit disc |z| << 1 in R®, and let z— f(z) = z + g(z) be a contin- 
uous mapping of B into R? such that |g(z)| < |z| for every 2 such that |z| = 1. Show 
that /(B) is a neighborhood of 0 in R? (““Brouwer’s theorem” for the plane*). (Let y 
be the loop ¢ — f(e”) defined in [0,22]; show that (x;y) = 1 for all points x in a 
neighborhood V of 0 (see proof of (9.8.3)); using the fact that, in B, y is homotopic 
to 0, deduce that there is no point of V belonging to the complement of /(B).) 

4) Let E,F be two Banach spaces, B the unit open ball ||%|| < lin E; let w# be 
a continuously differentiable homeomorphism of B onto a neighborhood of 0 in F, 


such that u,(0) = 0; suppose ue is continuously differentiable in a ball Vg: ||y|| <7 
contained in #,(B), and Du, is bounded in B and Duo is bounded in Vy. Let V be a 
ball ||y|| < £, with B <7. 


* Tt can be shown that the same result holds in any space R”, B being the euclidian 
ball ||x||< 1, and the condition on g being ||g(x)|| < ||#|| for ||x|| = 1. 
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a) Show that for any « < 1, there is a neighborhood H of u, in the space Q(B) 
(section 8.12, problem 8) such that, for any u € H, the restriction of u to U: ||¥|| << o 
is a homeomorphism of V onto an open set of F containing V, such that the restric- 
tion of u-! to V is a continuously differentiable mapping @(u) of V into E. (Use 
(10.1.1).) 

b) Show that the mapping « > ®(u) of H into Bev) is differentiable at the 
point %», and that its derivative at u, is the linear mapping s>— (24°D(up)) —1+(soD(ut9)). 

5) Let E,F be two Banach spaces, f a continuously differentiable mapping of a 
neighborhood V of x,¢E into F. Suppose there are two numbers £ > 0, 4 > 0 such 
that: 1° ||f(%9)|| < 6/24; 2° in the ball U: ||¥ — x9|| <8, the oscillation of /’ is 
< 1/24; 3° for every x €U, f’(%) is a linear homeomorphism of E onto F such that 
\|(f/(%)) “3|| << 4. Let (z,) be an arbitrary sequence of points of U; show that there 
exists a sequence (¥»)n>0 Of points of U such that %,41 = % — (f’(2n)) "+ f(¥n) for 
n> 0. Prove that the sequence (¥,) converges to a point y € U, such that y is the 
only solution of the equation /(¥) = 0 in U. (‘‘Newton’s method of approximation”. 
Use (8.6.2) to prove by induction on x that ||¥_, — % —1|| <_27 "Band ||f(%,)||< B/2"+ 1A). 

6) Let E,F be two finite dimensional vector spaces over K, A a connected open 
subset of E, f a continuously differentiable mapping of A x F into F. Suppose that 
the set J’ of pairs (%,y)¢A x F such f(x,y) = 0 is not empty, and that for any 
(x,y) eI, Dof(x,y) is an invertible linear mapping of F onto itself. 


a) Show that for every point (% 9,9) € / there is an open neighborhood V of that 
point 7x I such that the restriction of the projection pr, to V is a homeomorphism 
of V onto an open ball of center ¥) contained in A. (Use the fact that there is an open 
ball U of center ¥) in A and an open ball W of center y, in F such that for each x € U, 
the equation /(¥,y) = 0 has a unique solution y € W, and apply (10.2.1).) 


b) Deduce from a) that every connected component G of I (3.19) is open in I” 
and that ~7,(G) is openin A. It is not necessarily true that pr,(/") = A (as the example 
A=E=F=R, f(x,y) = xy? — 1 shows), nor that if pr,(") = A, pr,(G) = A for 
every connected component G of J’(as theexample A = E = F = R, f(x,y) = xy? — y 
shows). Prove that if pr.(J") is bounded in F, then pr,(G) = A for every connected 
component G of J. (If % is a cluster point of py,(G) in A, show that there is a se- 
quence (%,,Y,) of points of G such that lim x, = x and that lim y, exists in F; 

n—> CE Nn--> CO 
apply then a).) 

c) The notions of path, loop, homotopy and loop homotopy in A are defined as in 
section 9.6, replacing C by E. Suppose there is a connected component G of J” such 
that pr,(G) = A; if y isa path in A, defined in I = [a,b] € R, show that there exists 
a continuous mapping uw of I into G such that pr,(u(t)) = y(t) for each ¢ EI (consider 
the l.u.b. ¢ in I of the points € such that there exists a continuous mapping we of 
{a,€] into G such that pr,(we(t)) = p(t) for a<t< & and use a)). Is that mapping 
always unique? (Consider the case E=F=C, A= C — {0}, f(x,y) = y? — x.) 
Show that if two continuous mappings u,v of I into G are such that pyr,(u(t)) = 
pr,(v(t)) = y(t) for each te I, and if they are equal for one value of ¢¢€1, then u = v 
(use a similar method). 

d) Under the same assumptions as in c), let y be a continuous mapping of I x J 
into A, where J = [c,d] CR. Let v be a continuous mapping of J into G such that 
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pr,(v(§)) = p(a,€) for €€ J; and for each &e€ J, let uz be the unique continuous 
mapping of I into G such that pr,(we(t)) = p(t,é) for ¢€1 and us(a) = v(£). Show 
that the mapping (¢,£) —> w¢(t) is continuous in I x J. (Given ¢ € J, there is a number 
ry > 0 such that for any ¢ eI, the intersection V;, of (and of the closed ball in E x F, 
of center w;(t) and radius v, is contained in G and such that pr, is a homeomorphism 
of V, onto the closed ball in E of center y(¢) and radius y. If L= uz(I), let M be 
the supremum of ||(Def(x,v))~!o(D,f(x,¥))|| for all points (x,y)¢G at a distance 
<vofL. Let e > 0 be such that e < 7/4 and eM < 7/4. Show that if 6 is such that 
the relation |§ — ¢|< 6 implies [|p(z,£) — (t,C)||<e for ¢e1, then the relation 
[§ — ¢| <6 implies ||we(t) — ug(t)|| << 7/4 for ¢€1; prove this by considering the 
lu.b. of the ¢¢I for which the inequality holds, and using (10.2.1).) 

e) Conclude from d) that if the loop y defined in I = [a,b] is loop homotopic to 
a point in A, then any continuous mapping u of I into G such that pr,(u(e)) = y(t) 
for ¢€1 is such that u(b) = u(a). In particular, if A is simply connected (i.e. if any 
loop in A is homotopic to a point in A), then pr, is a homeomorphism of G onto A, 
i.e. there exists a unique continuously differentiable mapping g of A into F such that 
/(*,g(*)) = 0 in A and that (%,g(¥)) belongs to G for at least one x € A. 


7) With the notations of problem 6, show that the condition pr,(G) = A is 
satisfied for every connected component G of J’ in each of the following cases: 

1° f(x,y) = filv) — f.(*,v), and there exist numbers R> 0, k>0,4>0anda 
positive continuous function x — H(x) in A such that for ||y|| > R, ||f,(v)|| > Ily||* 
and ||fo(*.9)|| < H(#)|[y||*~*. 

2° F = C, E is a vector space over C, f(x,y) = e” — g(x), where g is analytic in A 
and g(x) # 0 in A (this last condition already insures that pr,(1”) = A; observe that 
f(x,y) = f(*,y’) implies that y’ — y is a multiple of 2m7, hence for any xEA 
there is an open ball U of center x contained in A such that for any connected 
component V of pry *(U) NI’, py, is a homeomorphism of V onto U; if x is a cluster 
point of pr,(G), G must have a common point with one of these components V, hence 
contains V). 

8) a) If f is a complex valued entire function in C?, such that f(x) 4 0 for every 
x €(?, show that there exists a complex valued entire function g in C€? such that 
f(x) = 8) (use problem 7). 

b) Let / be an arbitrary complex valued entire function in C, which is not iden- 
tically 0; there is a finite or infinite sequence (a,) (with x > 1) of complex numbers 
(which may be empty) such that |a,|< |a,4,|, f(a,) = 0 and for every c€C such 
that f(c) = 0, the number of indices » for which a, = ¢ is equal to the order w(c;f); 


when the sequence (a,) is infinite, lim |a,| = + co (9.1.5). Show (with the nota- 
n> © 


tions of section 9.12, problem I) that there exists an entire function g such that 


f(z) = 8) IT e(Z» = ) 


n=l an 
9) Let A and B be two open neighborhoods of 0 in E = (?, A being connected; 
let (x,y) > U(x,y) be an analytic mapping of A x B into Y¥(E;E) (identified to the 
space of p X # matrices with complex elements). 
a) Suppose there exists a sequence (u,) of analytic mappings of A tfo B such 
that u9(*) = Oin A and u,(x¥) = U(x,u, —1(*))* ¥ in A for n> 1. Suppose in addition 
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that for every compact subset L of A, the restrictions of the u, to L form a relatively 
compact subset of @p(L). Prove that the sequence (u,) converges uniformly in any 
compact subset of A to an analytic mapping v of A into B such that v(¥) = U(%,v(4)) + 
in A; furthermore, v is the unique mapping satisfying that equation (use (10.2.1) 
and (9.13.2)). 

b) Suppose that in E, A and B are the open balls of center 0 and radii a and 6. 
Let g be a continuous mapping of [0,4[ x [0,0[ into R such that 7 —> @(&,y) 1s 
increasing in [0,d[ for every &€ [0,a[ and suppose that ||U(ay)||< p(\|#]],||¥]|) in 
A x B. Suppose in addition that there exists a continuous mapping 6 of [0,a[ into 
(0,b[ such that 6() = (&,0(&))é in [0,a[. Prove that under these conditions there 
is a unique analytic mapping v of A into B such that v(¥) = U(x,u(x)): * in A, and 
that |lv(x)|| << 0(||%||) in A (use a); prove the existence of the mappings 4, by induc- 
tion on 2). 

c) Suppose A and B are defined as in b); let (7) be the Lu.b. of \|U (#9) || 
for ||x|| < a, ||y|| < 7, when 7 > 0, and take (0) = (0 +). Suppose that y(0) > 0 
and that the function 7 — n/y(7) is increasing in some interval {0O,y[, where y < 8, 
and y/(y—) <a. Then there is a unique analytic mapping v of the open ball P of 
center 0 and radius y/b(y—) into B, such that v(*%) = U(%,v(*)) + * in P. 

10) Let f,g be two complex valued analytic functions defined in a neighborhood 
of the closed polycylinder P ¢ €? of center (0,0) and radii a,b. Let M (resp. N) be the 
lu.b. of |f(¥,y)| (resp. |g(*,y)|) for |x] = @ and |y| <6 (resp. for |¥| << a and iy] = &). 
Then, there exist two uniquely determined functions u(s,f), v(s,t), analytic for |s| < a/M 
and |t| < b/N, such that (u(s,z),v(s,t)) € P for (s,¢) in the polycylinder Q defined by the 
previous inequalities, and that 


u(s,t) — sf(u(s,t),v(s,t)) = 0 and v(s,t) — tg(u(s,t),v(s,f)) = 0 
in Q. Furthermore, let 


of of 
tae Sie 
Ox oy 
A(4,y,5,t) = 
a a 
mes i z 
Ox oy 


and let A(#%,y,s,f) be an arbitrary analytic function in P x Q; show that 


h(u(s,t),v(s,t),s,£) 

ae aS Cast 
A(u(s,t),v(s,t),5,t) m>0,n>0 

for (s,t)€ Q, where ¢,,, is the value for = y = 0 of the function 


1 qu tn 


min! Ov" Oy [h(x,y,8,t)(f(*,9))” (g(%,9))") 


and the Series on the right-hand side is convergent in Q; note that ¢,,, depends on s 
and ¢ if h does. (‘‘Lagrange’s inversion formula’, First apply Rouché’s theorem 
(9.17.3) to * — sf(x,v), considered as a function of x; this defines an analytic func- 
tion w(s,y) such that w(s,y) — sf(w(s,y),y) = 0, by (10.2.4); next apply similarly 
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Rouché’s theorem to y — ég(w(s,y),y) considered as a function of y. Finally, let y,é 
be the circuits 0 —> ae’®, 0 — be! in © (0 <0 < 2x). Consider the repeated integral 


h(x,y,s,t)dx 
d : 
ee J (x — sfx”) ly — te (%,9)) 


On one hand, find the value of that integral by repeated application of the theorem 
of residues (9.16.1); and on the other hand, consider the power series development 
of (1 — £)~(1 — »)71 in which € is replaced by sf(x,y)/% and » by tg(x,y)/v.) 

Generalize to any number of complex variables. From the inversion formula for 
one variable, deduce the formula 


h(u(s)) = h(0) + Ep" 1-10) ¢(0))") 


n=1 n! 


where u(s) — sf(u(s)) = 0 and |s| < a/M, with M = sup |/(x)|, h being analytic 
|z|<a 


for |*| < a. 
3. The rank theorem 


Let E,F be two finite dimenstonal vector spaces of dimensions » and m, 
A an open subset of E, / a continuously differentiable mapping of A into F. 
The rank of the linear mapping /’(x) at a point x € A is the largest number 
such that there is at least a minor of order # in the matrix of /’(x) with 
respect to two bases of E and F, which is not 0. As these minors are contin- 
uous functions of x, it follows that if the rank of f(x ) is p, there is a neigh- 
borhood of x) in which the rank of /’(x) is at least p; but it can be > p 
at every point x  %, of that neighborhood, as the example of the mapping 
(%,y) — (x? — y?,xy) shows at the point (0,0). 


(10.3.1) (Rank theorem). Let E be an n-dimensional space, F an m-dimen- 
stonal space, A an open neighborhood of a point ac E, f a continuously 
differentiable mapping (resp. q times continuously differentiable mapping, 
analytic mapping) of A into F, such that in A the rank of f'(x) is a constant 
number p. Then there exists: 

1° an open neighborhood UCA of a, and a homeomorphism u of U onto 
the unit ball I": |x;,|<1 (1 <i <n) in K", which is continuously differen- 
trable (resp. q tumes continuously differentiable, analytic) as well as its inverse; 

2° an open neighborhood V 2D f{(U) of b = f(a) and a homeomorphism v of 
the unit ball 1": |v) <1 (1 <1 <m) of K” onto V, which is continuously 
differentiable (resp. g times continuously differentiable, analytic) as well as 


its inverse; 
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—such that } = vofyou, where fy 1s the mapping 


Capea (Career eles coll 
pialerio 

We write the proof for continuously differentiable mappings, the 
modifications in the other cases being obvious. 

We can suppose a=0, b=0, replacing { by the mapping x >/(a+ %) — 8. 
Let M be the kernel of the linear mapping /’(0), which is an (m — #)- 
dimensional subspace of E, and let N be a (p-dimensional) supplement of 
M in E; we take as a basis of E a system (¢),<;<, of » vectors such 
that ¢y,..+,c, form a basis of N, Ope one, Ol basis of M, and we write 


== py X)c 


es 


for any xeE, the ; being linear forms. If ¢,,...,¢, is 


the canonical basis of K”, we denote by x >G(«) the linear mapping 


n 
x —- <2 ,(x)e, of E onto the subspace K*~? of K” generated by the e, 
t=p4+1 
ol index 7 = 7, 

Let P be the image of E (and of N) by the linear mapping /’(0); it is a 
p-dimensional subspace of F, having the elements d; = /’(0)-¢; (1 <1 <p) 
as a basis; we take a basis (d;), <;< Of F, of which the preceding basis 
of P form the first # elements, and we write y= 2 y%,(y)d, for any yeF, 

j=l 


the %, being linear forms. We denote by y > H(y) the linear mapping 


p 
y—> & w&(y)je; of F onto the subspace K? of K” generated by the e, of 


j=1 
iaTales 7) ge), 

We now consider the mapping x — g(x) = H(/(x)) + G(x) of A into K”, 
which is continuously differentiable. Moreover, by (8.1.3) and (8.2.1), we 
Mawes (4) 5 (7) (Aes) Go) 1Gr eatlves ee inenccme(O)nie see mln 
1<i<n (ie. g’(0) is represented by the unit matrix with respect to the 
bases (c¢,) and (e,;)). Using (10.2.5), we conclude that there is an open neigh- 
borhood U, € A of 0 such that the restriction of g to U, is a homeomorphism 
of U, onto an open neighborhood of 0 in K”, and that the inverse homeo- 
morphism g~! is continuously differentiable in g(U,). Let 7 > 0 be such 
that the ball |x,|< 7 (1 <7 <7) is contained in g(U,), and let U be the 
inverse image of that ball by g, which is an open neighborhood of 0; our 


mapping » will be the restriction to U of the mapping x > eee ay 
r 
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Up to now we have not used the assumption that the rank of /’(x) is 
constant in A; this implies that the image P, of E by /’(x) has dimension 
for any «€ A. Now we may suppose Uy has been taken small enough 
so that g’(x) is a linear bijection of E onto K” for x € U, (8.3.2); as we have 
Riss — ai) (x\-s\ior se N, the restmction of (x) to N must be a 
bijection of that #-dimensional space onto P,, and the restriction of H to 
P, a bijection of P, onto K?. Denote by L, the bijection of K? onto P,, 
inverse of the preceding mapping; we can thus write /’(x) = L,oHof’(x). 

Now consider K~ as the preduct E, x E, with EF, =K*, Ej, = K"~”; 
we are going to prove that the mapping (z,,2,) > /,(2,,2.) = /(u—1(2,,25)) of 
Ie eintOnl "202s voraepend on 25, 1c. that D5/,(2),25) — 0 1m I” (8.6.1). By 


Geumiion wwercam write /(%) — 7, = 15), +e), Inerice by (8.7.2) 


for any t€E. This yields 
(103.11) Deh (4 H(i(x)), +6.) -G(t) = Sz+ H(f'(x) -2) 


ll 1 : ; 
where S, = 7L,—D,f, (aie, +6.) isa linear mapping of kK? i) 


into F. We prove that S, = 0 for any x € Uy. Indeed, if fe N, we have 
ep Owby sdefimition,, hence 5,- 2(7'(x)-1) = 0 by (10.3.1-1), But 
i— Hif' (x) - t) =¢'(x) - tis a dvection of N onto E, for xeU,, and this proves 


1 1 
peor ( (0.3.1.1) we then deduce D7, (2 Hu), 1c.) “Gii) == 0 for 


nae 1 1 
any t€E; but Gmaps E onto Ey, hence by definition, D./, (2 ELGEAy +610) , 
which is a linear mapping of E, into F, is 0 for any « € Uy. The relation 
1 1 
D,/,(z,,22) =0 in I* then follows from the fact that + (Laie, +e) 


is a homeomorphism of U, onto an open set containing I”. 
We can now write /,(z,) instead of /,(z,,2,) and consider f; as a 
continuously differentiable mapping of E, = K? into F; we then have 
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ior), (2 sj) for x € U, in other words y = f, (2.209) for ye/(U). 


This proves that y =~ H(9) is a homeomorphism of /(U) onto I@cE,, 


and z, > /,(z,) the inverse homeomorphism. 

Consider now K” as the product E, x Ez with E; = Kee ee ee 
be the linear bijection of E, onto the supplement Q of P in F generated by 
dy 441+ ++14_, which maps the canonical basis Oh? sono deen 
We define v(z,,2,) = /,(2,) + T(z,) for 2,€1?, 24€ 1s) Sit ie obvious 
(8.9.1) a continuously differentiable mapping. By definition, we have 
HA (v(z,,23)) = H(f,(z,)) = 7%; hence the relation v(z,,23) = v(z;,2,) implies 
zi = 2, and then boils down to T(z,) = T(z3), which yields z, = 23, 
therefore v is injective. The relation S, = 0 proved above shows that for any 
z,E 1, fi(z,) =7L, where x is any point in U such that /(*) = /,(z,); the 
derivative of v at (z,,23) is therefore the linear mapping (t,,f) >7rL, -¢, + T(tg) 
((8.9.1) and (8.1.3)). But as the restriction of H to P, is injective, P, is a 
supplement of Q in F, hence v’(z,,23) is a linear homeomorphism of K” onto F. 
For any point (z,,2z,) € 1”, there is therefore an open neighborhood W of 
that point in I” such that the restriction of v to W is a homeomorphism 
of W onto an open subset v(W) of F, by (10.2.5). Asin addition v is injective, 
it is a homeomorphism of I” onto the open subset V = v(1”), whose inverse 
is continuously differentiable in V. The relation / = vofyou then follows from 
the definitions. 


PROBLEMS 


1) Let E,F be two Banach spaces, A an open neighborhood of a point %,€ E, 
fj a continuously differentiable mapping of A into F. 

a) Suppose /’(¥9) is a linear homeomorphism of E onto its image in F; show that 
there exists a neighborhood UC A of x ) such that f is a homeomorphism of U onto 
/(U) (use problem 3 of section 10.1). 

b) Suppose /’(*%,) is surjective and such that there exists an a > 0 having the 
property that ||f’(%9)- s|| = al|s|| for any se E*. Show that there exists a neigh- 
borhood VC A of %, such that /(V) is a neighborhood of /(*%,) in F (use problem 8 of 
section 10.1). 

2) Let A be an open subset of ©?, and / an analytic mapping of A into €?. Show 
that if / is 1wjective, then the rank of Df{#) is equal to ~ for every x € A. (Use contradic- 
tion, and induction on p; for p = 1, apply Rouché’s theorem (9.17.3). Assume Df(a) 
has a rank < p for some ae A; show first that after performing a linear transforma- 


* It can be shown that this last property is a consequence of the fact that /’(%9) 
is continuous and surjective; see [6] in the Bibliography. 
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tion in F, one may assume that, if f(z) = (/,(z),...,/p(z)) then D,/,(a) = 0, and if 
(2) = (fa(2),---.fp(2)), the rank of Dg(a) is exactly p — 1; then there is a neigh- 
borhood UC A of a such that Dg(x) has rank p — 1 for x e U. Using the rank theorem 
(10.3.1), reduce the proof to the case in which a = 0, f,(z) = z, for 2< k <p.) Is 
the result still true when C is replaced by R? 

3) a) Let A be a simply connected open subset of C, distinct from ©, and let a,b 
be two distinct points of Fr(A) (Ap. to Chap. IX, problem 6.) There exists a 
complex-valued analytic function k in A such that (h(z))? = (z — a)/(z — 6) (section 
10.2, problem 7); # is an analytic homeomorphism of A onto a simply connected 
open subset B of € (problem 2 and (10.3.1)); furthermore, Bn (— B) = @, hence 
there are points of € exterior to B. 

b) Deduce from a) that there exists an analytic homeomorphism of A onto a simply 
connected open subset of € contained in the disc U: |z| < 1, and containing 0. 

4) a) Let A be a simply connected open subset of € contained in the unit disc U: 
\z| < 1, containing 0, and let H be the set of all complex valued analytic functions g in 
A, such that g is an injective mapping of A into C, |g(z)| << 1 in A, g(0) = 0 and g’(0) is 
areal number > 0. For each compact subset L of A, the set Hy of the restrictions to 
L of the functions of H is relatively compact in @¢(L) (9.13.2). Show that the set of 
real numbers g’(0) (for g € H) is bounded (cf. proof of (9.13.1)); let 4 be the l.u.b. of 


that set. Show that there is a function gy¢H such that g0(0) = / (use the result 
of section 9.17, problem 5). 

b) Suppose g €H is such that g(A) *” U, and let ee U — g(A). Replacing g by g, 
defined by g,(z) = e—'9g(ze"®), one can assume, for a suitable choice of 9, that c is 
real and > 0. There exists a function # which is analytic in A and such that 


(h(z))? = (¢ — g(z))/(1 — eg(2)) 


and h(0) = \/e > 0 (same argument as in problem 3 a)); show that the function g, 
defined by 


n(z) = (Ye — ge(2))/(1 — Vee (e)) 


belongs to H, and that £2(0) > g’(0). 

c) Conclude from a) and b) that the function gy defined in a) is an analytic 
homeomorphism of A onto U; using problem 3 b), this implies that for any simply 
connected open subset D of €, distinct from ©, there is an analytic homeomorphism 
of D onto U (‘‘the conformal mapping theorem’’). 

5) a) Let f be a complex valued analytic function in the unit disc U: |z| < 1 such 
that {(0) = 1 and |f(z)| < M in U; show that for |z|< 1/M, |f/(z) — 1|< Mla| (apply 
Schwarz’s lemma (section 9.5, problem 7) to the function g(z) = M(f(z) — 1)/(M?— f(z))). 

b) Let { be a complex valued analytic function in U such that /(0) = 0, /’(0) = 1, 
(f’(z)| <M in U; show that for |z|< 1/M, |f(z) — z|< M|z|?/2 (apply a) to /’). 

c) Show that under the assumptions of b), the restriction of / to the disc B(0;1/M) 
is an analytic homeomorphism of that disc onto an open subset containing the disc 
B(0;1/2M) (apply Rouché’s theorem (9.17.3), using the result of b)). 

d) For any complex number a@eU, let u(z) = (z — a)/(4z— 1); for any 
complex valued function f analytic in U, show that, if g(z) = f(u(z)), then 
e’(2){(1 — |z|2) = |f’(m(2)) |. — |e(e)|?) for any ze U. 
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e) Show that there is a real number 6 > 13/3 (‘Bloch’s constant”) having the 
following property: for any complex valued function / analytic in U and such that 
f'(0) = 1, there exists z)¢U such that, if 7) = f(z), the open disc B of center %, 
and radius b is contained in f(U) and there is a function g, analytic in B and such 
that g(B) ¢ U and f(g(z)) = z for z¢ B. (Consider first the case in which f is analytic 
in a neighborhood of U, and take for z) a point where |f’(z)|(1 — |z|2) reaches its 
maximum; use then d) to reduce the problem to the case in which z = 0, and apply 
in that case the result of c) to a function of the form a + /(Rz), where a and R are 
suitable complex numbers. In the general case consider the function /((1 — e)z)/(1 — e), 
where ¢ > 0 is arbitrarily small.) 

6) a) Let I be the set of all complex valued functions f analytic in the unit disc U: 
|z| < 1, such that /(U) does not contain the points 0 and 1. For any function f € Mt, 
there is a unique analytic function g in U such that exp (2mig(z)) = f(z) in U and 
|.F (g(0))| < 2 (section 10.2, problem 7); g(U) does not contain any positive or negative 
integer. Furthermore (same reference) there is an analytic function A in U such that 
g(a) /(g(z) — 1) = ((1 + h(z))/(1 — h(z)))?; ACU) does not contain any of the points 0,1, 
Cn =(Y/n + n= 12 and ce = (/n — |x — 1) (n integer = 1). Finally, there 
is an analytic function in U such that exp (p(z)) = A(z); g(U) does not contain any 
of the points log é. + 2knt, log Cn + 2kmni (R positive or negative integer, » > 1). 
Show that no disc of radius > 4 can be contained in y(U); using problem 5 e), deduce 
from that result that 


lp’(#)| < 4/(1 — |-/) 


for |x| < 1 (consider the function ¢— cp(* + (1 — |#|)é), for a suitably chosen 
constant c). Conclude that there is a function F(w,v), finite and continuous in 
(C — {0,]}) x [0,1[, such that for every function fe Mt, log |f(z)| < F(f(0),v) for any 
ke < tl. 

b) Let f€ Mt be such that either |/(0)| < 1/2 or |f(0) — 1] < 1/2. Given y such that 
0 <r < 1, show that either |f(z)| << 5/2 for |z| < 7, or there exists a point x such that 
la] <7 and |f(x)| > 1/2, |f(~) — 1] > 1/2 and |1/f(*)| > 1/2. Applying the result 
of a) to the function f((z — )/(¥z — 1)), conclude that there is a function F,(u,v), 
continuous and finite in [0,+ o[ x [0,1[, such that for any function fe Mt, the 
relations |f(0)|< s and |z| < 7 imply |f(z)| << F,(s,v) (“Schottky’s theorem”). 

7) Let A be an open connected subset of C, and (f,) a sequence of functions of the 
set Jt (problem 6). Show that for any compact subset L of A, there exists a sub- 
sequence (fnp) such that either that subsequence is uniformly convergent in L, or 
the sequence (1/fn,) converges uniformly to 0in L. (Using Schottky’s theorem, prove 
that the points ¥¢ A such that lim (1/f,(*)) = 0 form an open and closed subset 

n—-> @D 
of A, hence equal to A or empty; in the second case, show, using the compactness 
of L, that there is a subsequence of (/,) which is bounded in a compact neighborhood 
of L, and apply (9.13.1); in the first case, use similarly (9.13.1) applied to the se- 
quence (1/f,).) 

8) a) Let f be a complex-valued function, analytic in the open set V: 0 < |z — al <r, 
and suppose a is an essential singularity of f (9.15). Show that © — /(V) is empty 
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or reduced to a single point (‘‘Picard’s theorem’’. Let W be the open subset of V 
defined by 7/2 < |z — a| <y and consider in W the family of analytic functions 
f,(z) = f(2/2"); if there are at least two distinct points in © — f(V), apply problem 7 
to the sequence (/,), and derive a contradiction with problem 2 of section (9.15), 
using (9.15.2).) 

b) Deduce from a) that if g is an entire function in €, which is not a constant, 
then € — g(C) is empty or reduced to a single point (consider g(1/z) in © — {0}). 

9) a) Show that there is an entire function /(%,y) in C? satisfying the identity 


f(4x,4y) — 4f(4,y) = — S(f(2%, — 2y))? + 2f(24%, — 2y))* 


and such that the terms of degree < 1 in the Taylor development of f/ at the point 
(0,0) are * + y (section 10.1, problem 11). 


a(t, 
b) Let g(x,y) =/(2%,—2y), and let J(#,y) = i ; show that J(2%, —2v) = J(x*,y), 
con, 
and conclude that J(x,v) = — 4 in C? (express f(x,y) and g(x,y) in terms of /(2x, —2y) 


and g(2*%,—2y)). Prove that the analytic mapping u: (*,y) — (f(#,y),g(*,y)) of C? 
into itself is injective (if it was not, it would not be injective in a neighborhood of (0,0), 
owing to the preceding expressions). 


c) Show that there is a neighborhood of (1,1) which is not contained in “(C?). (Ob- 
serve that there exists e such that 0<e«< 1 and that the relations |/(2%,—2y) — 1|<e, 
|g(2¥,—2y) — 1|<e imply |f(*,y) — 1]|<e and |g(*,v) — 1|<e; conclude that 
the relations |f(x,y) — 1]<e and |g(x,y) — 1|<e would imply |f(0,0) — 1) <e 
and |g(0,0) — 1|<e, a contradiction) (compare to problem 8 b).) 


4. Differential equations 


Let E bea Banach space, I an open set in the field K, H an open subset 
of E, f a continuously differentiable mapping of I x H into E. A differen- 
tiable mapping # of an open ball J CI into H is called a solution of the 
differential equation 


(10.4.1) x! = f (t,x) 
if, for any t€ J, we have 
(10.4.2) u'(t) = f(t,u(t)). 


It follows at once from (10.4.2) that wu is then continuously differentiable 
in J (hence analytic if K = €, by (9.10.1)). 


(10.4.3) In order that, in the ball J C1 of center ty, the mapping u of J into 
H be a solution of (10.4.1) such that u(to) = x) EH, it is necessary and 
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sufficient that u be continuous (resp. analytic) in J 1f K = R (resp. K = C), 
and such that 


(10.4.4) u(t) = %» + f f(s,u(s))ds 


(where, if K = €, the integral is taken along the linear path 4, + &(¢— 4g), 
(este 1) 

This follows from the definition of a primitive, for if f and w are 
analytic, so is s -> f(s,u(s)) (9.3.2). 


(10.4.5) (Cauchy’s existence theorem). Jf / 1s continuously differentiable 
in 1 x H, for any t,E1 and any x,€H there exists an open ball J CI of 
center ty such that there is in J one and only one solution u of (10.4.1) such 
LE TG) = So 


We first prove a lemma: 


(10.4.5.1) Let A be a compact metric space, F a metric space, B a compact 
subset of F, g a continuous mapping of A x F into a metric space E. Then 
there 1s a neighborhood V of B in F such that g(A x V) ts bounded in E. 


For any ¢€ A and any z €B, there is a ball S,, of center ¢in A and a 
ball U,, of center 2 in F such that g(S,, x U,,) 1s bounded) simeeyp ais 
continuous. For any z €B, cover A by a finite number of balls Nh and 
let V, be the ball U,,, of smallest radius. Then g(A x V,) is bounded (3.4.4). 
Cover now B by finitely many balls V3 the union V of the V,, satisfies 
the requirements (3.4.4). 


a) Suppose first K = R. Let J, be a compact ball of center ¢, and radius a, 
contained in I. By (10.4.5.1) there is an open ball B of center x, and 


radius 6, contained in H, and such that M= _ sup |jf(é,x)|| and 
(4x)eJ, x B 
k= sup ||D,f(t,x)|| are finite. Let J, for y <a be the closed ball 
(,xJeJ,x B 


of center f and radius 7, and let F, be the space of continuous mappings 
y of J, into E, which is a Banach space for the norm |/¥|| = sup |/y(2)|| 
tej, 


(7.2.1). Let V, be the open ball in F,, having center % (identified to 
the constant mapping ¢ - x9) and radius 6. For any yeé V,, the mapping 


t 
ey + J f(s,y(s))ds is defined and continuous in J» since y(s)—€B by 
to 
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definition, for ye V,; let g(y) be that mapping; g is thus a mapping of V7 
into F,. We will prove that for r small enough, g verifies the conditions of 
CRG aE applying that theorem and (10.4.3) will then end the proof, 
Ste | | 

Now, for any two points y,,y. in V,, we have, by (8.5.4) 


Ils, ru(s)) — Ks, Hels ))|| SF |ldnts) = vo(s)|| — 2° [yr — Vel 


for any sé J,; therefore, by (8.7.7), for any te J,, 


hence ||g(y,) — g(¥2)|| < Ar||4, — sel]. On the other hand, for any ye V,, 


| J (As.34(8)) — Asvva(s)))4s|| < Ally, — 9 


t 
\J(s,y(s))|| <M for any se J,, hence || f /(s,y(s))ds|| < My by (8.7.7) and 
t 


therefore ||g(x9) — || < Mv. We thus see that in order to be able to apply 
(10.1.2), we should have ky < 1 and Mr < (1 — &r), and both inequalities 
will be satisfied as soon as 7 < b/(M + Ab). 

b) Suppose now K = C; define J,, J,, B, M and & as above, and let F, be 
the space of mappings y of J, into E which are continuous in J, and analytic 
in ie This is again a Banach space for the norm ||y|| = sup ||y(¢) 

t 


Ely 


t 
by (7.2.1) and (9.12.1). For yeV,, the mapping ¢ ~ x + | f(s,y(s))ds 
by 


again belongs to F,, for it is analytic in ie since s — f(s,y(s)) is (9.7.3); 
and its continuity in J, at once follows from (8.11.1). We therefore have 
defined a mapping g of V, into F,, and the end of the proof is then 
unchanged. 


(10.4.6) Remark. The proof of (10.4.5) shows that the result is still valid 
when K = R and when f satisfies the following weaker hypotheses: a) for 
every continuous mapping ¢ > w(¢) of I into H, ¢ — f(t,w(t)) is a regulated 
function in I (7.6); b) for any point (¢,x) €I x H, there is a ball J of 
center ¢ in I and a ball B of center x in H such that fis bounded in J x B, 
and there exists a constant k >0 (depending on J and B) such that 
IM(s.1.) — Ks.) || < Ally. — Yel] for se J, 2 in B. Such a function / 
is said to be locally lipschitzian in I x H; equation (10.4.2) is then to be 
understood as holding only in the complement of an at most denumerable 
subset of J. This last remark also enables one to replace the open intervals 
I and J by any kind of interval in R. 


bo 
oO 
bo 
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5. Comparison of solutions of differential equations 


We say that a differentiable mapping w of an open ball JCI into H 
is an approximate solution of (10.4.1) with approximation e if we have 


lu") — Henlt))|| < 


for any te J. 
(10.5.1) Suppose ||Dpf(t,x)|| << k in Ix H. If u,v are two approximate 


solutions of (10.4.1) in an open ball J of center ty, with approximations &,€9, 
then, for any teé J, we have 


ek lt-h1 — ] 


(10.5.1.1) — ||ue(t) — v(é)|| < ||24(4) — v(t) || e##— el + (e, + e9) ; 


(For k = 0, (e*"~*! — 1)/Ris to be replaced by |¢ — ¢o|). We immediately are 
reduced to the case K=R, 4,=0 and ¢>0 by putting ¢ = 4 + a€, 
ja] = 1, €>0; then if u,(£) = u(ty + a€), v,(&) = v(t) + 2), wu, and v, 


: : 1 
are approximate solutions of x’ = af|t) + a&, — x}, whence our assertion. 
0 D a ) 


From the relation ||v’(s) — f(s,«(s))|| << 2, in the interval O<s <#, we 


deduce by (8.7.7) 


and similarly 


whence | z(t) — v(#)|| < ||w(0) — v(0)|| + If — (s,v(s))) ds||+-(e,+-69)é. 
From the assumption on D,/ and fon Hee, and (8.7.7) this yields 


(1005-1.2) wt) < w(0) + (e, + e)¢ + pies 
0 


where w(?) = ||w(t) — v(¢)||.. Theorem (10.5.1) is then a consequence of the 
following lemma: 


(10.5.1.3) Z/, 2m an interval (0,c], p and are two regulated functions ee), 
then for any regulated function w > 0 in [0,c] satisfying the inequality 
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(10.5.1.4) w(t) < v(t) + J o(s)w(s)ds 


we have in [0,c] 


(10.5.1.5) w(e) < plt) + J plsypls) exp (f W(e)dé)as. 


0 s 


t 
Write y(t) = f[ (s)w(s)ds; y is continuous, and from (10.5.1.4) it follows 
0 


that, in the complement of a denumerable subset of [0,c], we have 
(10.5.1.6) y(t) — Py) < plt)ep(d) 


by (8.7). Write 2z(¢) = y(t) exp (— f(s)ds); relation (10.5.1.6) is equiv- 
0 
alent to 


t 


a'(t) < pltyp(t) exp (— J (s)ds). 


0 
By (8.5.3) and using the fact that 2(0) = 0, we get, for ¢ € [0,c] 


t Ss 


AS I p(s)y(s) exp (— J (é)dé)ds 


0 


whence by definition 


t t 


y(t) < J y(s)p(s) exp (J p(E)aé)ds 


0 s 


and (10.5.1.5) now follows from the relation w(t) < y(t) + y(é). 


(10.5.2) Suppose f is continuously differentiable in 1 x H. If u,v are two 
solutions of (10.4.1), defined in an open ball J of center ty and such that 
gl = Waie,)) (hen 4 — U an |. 


It is enough to prove that u and v coincide in every compact ball L of 
center f) contained in J. This follows from (10.5.1) applied to w and », 
provided we know that D,/ is bounded in some set L X H’, where H’ is an 
open subset of H containing both w(L) and v(L). But the existence of such 
a set follows at once from (10.4.5.1). 


284 X. EXISTENCE THEOREMS 


(10.5.3) Suppose E is finite dimensional and j is analytic in 1 x H. Then 
any solution of (10.4.1) in an open ball J CI ts analyitre. 


This is immediate by definition if K = €. Suppose K = R, and let 
E = R”; then for any point (),%)) € 1 x H there is a ball Ly C € of center 
t, and a ball Pc C” of center x such that Lyn RCT and PAR” CH, and an 
analytic mapping g of Ly x P into ©” whose restriction to (LyNR) x (PNR”) 
coincides with / (9.4.5). There is by (10.4.5) an open ball LC Ly of center 
t) in © such that there exists a unique solution v of the differential equation 
z’ = g(t,z), taking the value x, at the point fy), and v is analytic in L. Using 
the relation v’(t) = g(t,v(t)), and the definition of g and v, it is immediately 
verified 2 induction on that all derivatives v)(¢)) belong to R”; hence 
(9.3.5.1) u(t) belongs to R” forte¢LmR. This proves that the restriction 
u of v to LN Risa solution of (10.4.1) (see (8.4), Remark), such that (ty) = Xp. 
But by (10.5.2), any solution w of (10.4.1) in a ball M of center ¢ such 
that w(t) = x) coincides with « in LMM, hence is analytic at the 
(Bonen: Feegue-d: 


(10.5.4) Remark. When K = R, the proof of (10.5.1) shows that the 
inequality (10.5.1.1) is still valid when 7 is :pschitzian in I x H for a 
constant k > 0, 1.e. such that condition a) of (10.4.6) is satisfied and that 
Wie) —= (0,25) || k= |e, — x,|| for any ee 1 yc Ee ee ecommn tend 
be taken as an interval of origin (or extremity) ¢, containing 4, 
uw and v are primitives of regulated functions in J, and the relations 
||ae’(¢) — f(t,u(2))|| <e,, ||v’(2) — f(¢,v(2))|| < e, are only supposed to hold 
in the pee of an at most denumerable subset of J. The uniqueness 
result (10.5.2) holds likewise (when K = R) under the only assumption 
that / is locally lipschitzvan (10.4.6) in I x H. 


(10.5.5) Let 7 be analytic in 1 x H if K = 6, locally lipschitzian in I x H 
if K=R. Suppose v ts a solution of (10.4.1) defined in an open ball J: 
It — t)| <7, such that J Cl, that v(J) CH, and that t > f(t,v(t)) ts bounded 
in J. Then there exists a ball J': \t —t)|< r' contained in 1, with r' >, 
and a solution of (10.4.1) defined in J’ and coinciding with v in J. 


a) K=R. By assumption, we have ||/(¢,v(é))|| <M for te J, hence 
'|v’(¢)|| <M in the complement of an at most denumerable subset of Jee 
This implies ||v(s) — v(#)|| < M|s — ¢| for s,tin J by the mean value theorem 
(8.5.2). From the Cauchy convergence criterion (3.14.6) we conclude that 


the limits v((f, — 7)+) and v((t) + 7)—) exist and belong to o(J) CH. By 


i 
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(10.4.6), there exists a solution w, (resp. Wy) Of x’ = f(t,x) defined in an 
open ball U, (resp. U,) of center t) + r (resp. 4) — r), contained in J, and 
taking the value v((¢j + 7)—) (resp. v((t) —7)+)) at this point; from 
(10.5.2) it follows in addition that w, (resp. ®») coincides with v in U,n J 
(resp. U,M J), and the proof is therefore concluded in that case. 

b) K = C. For any complex number ¢ such that (co 2 Watts =e, Eee. 
with s > 0, and v;(s) = v(tg + fs). Then the same argument as in a) proves 
that v.(7—) exists and is in H; hence there exists a solution TOE GE eels 8) 
defined in an open ball V, of center ¢) + Cr, contained in J, such that 
w(t + Cr) = v,(r—). ea (10.5.2) it follows that w, and v coincide in 
the intersection of Jn V- with the segment of extremities fy and 4, + ¢7; 
as these functions are analytic in JN V,, they coincide in JN V, by (9.4.4). 
Now cover the compact set |t — %|=~y with finitely many balls Ve. 
(l<:<m); ifV, ive az ©, the functions w, and We, coincide in Ve, n lh, 
for both coincide With 2 v in the non-empty open set i nv, ni Ve and Me 


have only to apply (9.4.2) (to show that the preceding aivasesaan | is not 
empty, remark that the assumption implies 7|¢; — Cl<p:+ p;, where 
p;p; are the radii of Ve, and ve hence there is 2€]0,1[ such that 
rA\C; — S| <p; and 7r(1— At; -Gl< p;; it follows that the point 
f + 7r((1 — A)é; + Az,) belongs to Je nV. /): There is therefore a 


Sqlinlonrei 2 = /(f.xyrequal ta vin |i, to We. in each of the Ve. and there 


is an open ball of center ¢) and radius 7’ > 7 éantained | in the union of these 
sets (3.17.11), which ends the proof. 


(10.5.6) Let /,g be two continuously differentiable mappings of | x H into E, 
and suppose that, in I x H, |If(t,x) — g(t,x)|| <a and ||Deg(t,x)|| <k. Let 


ne] 
(4,%) be a point of 1 XH, u,b twonumbers > 0, and p(é) = we* + (a + £) - 


for§ 20. Let u be an approximate solution of x' = g(t,x), with pei, 
tion B, defined in an open ball J: |t — ty| < b contained in 1, and such that, 
for any te J, the closed ball of center u(t) and radius y(\t — t|) is contained 
in H. Then, for any y eH such that ||y — x|| < yt, there exists a unique 
solution v of x' = f(t,x), defined in J, taking its values in H and such that 
v(t) = y; furthermore ||u(t) — v(t)|| < p(|t — tol) for te J. 


Let A be the set of numbers y such that 0<7< 6 and that there 
exists a solution v, of x’ = /(¢,x) with values in H, defined in the ball te 
|¢ — |< 7 and such that v,(4) =y. By Cauchy’s existence theorem 
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(10.4.5), A is not empty. Moreover, we have, in J,, |\v(t) — g(t,v,(¢))|| <a, 
in other words v, is an approximate solution of x’ = g(t,x) with approxima- 
tion «, and by (10.5.1.1) we conclude that ||(¢) — v,(4)|| << p(\t — |) in J. 
Ifv,v’ are in A and such that 7 <7’, then v, and v,, coincide in J,, by (10.5.2). 

Let c be the l.u.b. of A; we have to prove c = b. Suppose the con- 
trary; there is then a unique solution v of x’ = f(t,~) in J,, equal to 
v, in each of the balls J, with r<c, taking its values in H and such 
that ||u(¢) — v(t)|| << p(|t— z|) in J,. We therefore have IIe(é.v()) || 
< |\g(t,w(4))|| + Re(|t — t|) in J,, and as ¢ — g(t,u(t)) is continuous in J,, it 
is bounded in that compact ball; from which it follows that ¢— g(t,v(¢)) 
is bounded in J,. On the other hand, any cluster point z of v(J,) is the limit 
of a sequence (v(t,)) where t, € J, and ¢, tends to 4+ c¢€ with |C|/ <1; 
by continuity, we have ||z — u(t) + cC)|| < (cl¢|), hence z e H by assump- 
tion. We thus can apply (10.5.5) and obtain a solution of x’ = f(t,x) defined 
in a ball J,, with 7’ > c and taking the value y at ¢), which contradicts the 
definition of c. 

We again remark that if K = R, we can relax the hypotheses on f and g, 
supposing merely that g is lipschitzian for the constant k, and f locally 
lipschitzian in I x H. 


PROBLEMS 


1) Let f(t.) be a real valued continuous function defined in the ball |t| < a, |< 6 
in R?, such that f(#,x) <0 for tx > 0, and f(f,x) > 0 for tx <0. Show that x — 0 
is the unique solution of the differential equation x’ = f(t,x) defined in a neighborhood 
of 0 and such that x(0) = 0 (use contradiction, and consider, in a compact interval 
containing 0, the points where a solution reaches its maximum or minimum). 


2) Let f(t,x) be the real valued continuous function defined in R? by the following 


conditions: /(t,¥) = — 2¢ for x2, f(t,x) = —2x/t for |x| <22, f(t,x) = 2 for x — 2. 


t 
Let (y,) be the sequence of functions defined by vot) = 27, Yat) = [f.yn —1(u))du 
0 


for n> 1. Show that the sequence (y,(¢)) is not convergent for any ?é R, although 


the differential equation x’ = f(f,~) has a unique solution such that ~«(0) = 0 
(problem 1). 


3) For any pair of real numbers a > 0, @ > 0, the function equal to — (¢ — a)? 


fort<«a, to 0 fora<i< £, to (t— f)* for ¢> B, is a solution of the differential 
equation x’ = 2|x|!/2 such that x(0) = 0. 


Let 4% be an arbitrary continuous function defined in a compact interval [a,b], 


t 
and define by induction u,(/) = 2 J Jen —1(s) [2ds for ¢€ [a,b]. Show that if y is the 
a 
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largest number in [a,b] such that u(t) = 0 in [a,y], the sequence (u,) converges 
uniformly in [a,b] to the solution of +’ = 2|x|!/? which is equal to 0 for a<t< y, 
to (¢— y)*® for y<¢<b. (Consider first the case in which 1,(f) = 0 for t< We, 
ug(t) = k(t — y)? for y<t<b. Next remark that, replacing if necessary Ug by 4, 
one may suppose that w#, is increasing in [a,b]; observe that tor any number « > 0, 
there are two numbers f, > 0, &, > 0 such that in [a,b] 


Ryvolt — vy — €) S uy (t) < Rquo(t — yp + €) 
where v,(t) = 0 if £< 0, up(t) = 2 if ¢> 0.) 


4) The notations being those of section 10.4, suppose K = R, / is continuous and 


bounded in I x H, and let M= _— sup \|(é,¥)||. Let x) be a point of H, S an 
(,x)elx H 


open ball of center x) and radius y, contained in H. 


a) Suppose in addition f/ is uniformly continuous in I x S (a condition which is 
automatically satisfied if E is finite dimensional and I is contained in a compact 
interval Ij such that / is continuous in I) x H). Prove that for any « > 0, and any 
compact interval [f),é) +] (resp. [t) — 4,4)]) contained in I and such that h<7/(M-+e), 
there exists in that interval an approximate solution of x’ = /f(t,*) with approxima- 
tion «, taking the value x) for ¢=%. (Suppose 6 > 0 is such that the relations 
lt; — t| <4, ||¥, — %2|| < 6 imply ||/(4,%,) — f(t,%2)|| << €; consider a subdivision 
of the interval [tf + #4] in intervals of length at most equal to inf (6,6/M), and 
define the approximate solution on each successive subinterval, starting from ¢).) 

b) Suppose E is finite dimensional and I = jf, — a,f) + a[. Prove that there 
exists a solution of x’ = f(t,v), defined in the interval [t),49 + ¢] (resp. [tf9 — ¢,t9]) 
with c = inf (a,v/M), taking its values in S, and equal to xv) for ¢=%. (‘‘Peano’s 


theorem’: for each x, let u, be an approximate solution with approximation 1/n, 
1 

defined in J, = ti +e - = , whose existence is given by a). Observe that 
n 


for each m, the restrictions of the functions u, (for » = m) to J,, form a relatively 
compact subset of the normed space @p(J,,) (7.5.7), and use the ‘‘diagonal process” 
as in the proof of (9.13.2); finally apply (10.4.3) and (8.7.8).) 


5) Let { be the mapping of the space (cj) of Banach (section 5.3, problem 5) into 


itself, such that, for ¥ = (%,), f(x) = (vy), with v, = yale a. Show that / 


n+l 

is continuous in (cy), but that there is no solution of the differential equation +’ = /(x), 
defined in a neighborhood of 0 in R, taking its values in (cg), and equal to 0 for ¢ = 0. 
(If there was such a solution u(¢) = (u,(t)), compute the value of each u,(¢) by 
straightforward integration, and show that the sequence (#,,(f))y>9 does not tend to 0 
for ¢ # 0.) 

6) a) The notations being those of section 10.4, let f be analytic in I x Hif K = €, 
locally lipschitzian in I x Hif K = R. Let I) be an open ball of center ¢ and radius a, 
contained in I, and S an open ball of center x) and radius y, contained in H. Let 
h(s,z) be a continuous function defined in [0,a[ x [0,y[CR*, such that h(s,z) > 0 
and that, for every se ([0,a[, the function z — A(s,z) is increasing in [0,7[. Suppose 
that: 1° ||f(¢,+)|| << A(|t — t|,||¥ — %ol|) in Ip X S; 2° there exists an interval [0,] 


, 
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with w < a, and a function y, which is a primitive of a regulated function gy’ in [0,«], 
and is such that (0) = 0, p(s) € [0,7[ and p(s) > h(s,(s)) in the interval [0,0], with 
the exception of an at most denumerable set of values of s. Show that there is a 
solution u of x’ = f(t,x), defined in the open ball J of center ¢, and radius g, taking 
its values in S and such that u(f,) = %); furthermore, in J, ||u(t) — %9|| < (|t — %))- 
(Use (10.5.5) to prove that there is a largest open ball Jy of center /), contained in Ip, 
and in which there is a solution v of x’ = f(t,¥), taking its values in S and such that 
{lu(t) — x9]! < y(|f — to|) in Jg, and furthermore that solution is unique; use then 
the mean value theorem to prove by contradiction that J © Jy.) 

b) Suppose that H=E, and that there is a function h(z) > 0 defined, 

a ES 
continuous and increasing in [0,+ c[, and such that J ro) = to, and that 
\|#(,x)|| < A(||*]|) in I) x E. Show that every solution of 4° = f(t,~) defined in a 
neighborhood of ¢g, is defined in I, (use a)). 

c) If ||f(t,*)||< M in I, x S, then there exists a solution u of x’ = f(t,¥) in the 
ball J of center fj and radius inf (a,7/M), taking its values in S and such that u(fy) = % 
(take h(s,z) = M). Suppose K = E = C, and a2vr/M; show that, unless / is a 
constant, there is an open ball J’3 J in which u can be extended to a solution of 
x’ = f(t,x) taking its values in S. (Observe that, due to the maximum principle (9.5.9), 
|u’(t)| <M for ¢ € J; for any ¢ such that |¢| = 1, consider the function u¢(s) = u(ty + €s); 
arguing as in (10.5.5), prove that the assumptions of (10.5.5) are satisfied.) It is not 
possible to take for the radius of J’ a number depending only on a,v and M, and not 
on / itself, as the example f(t,x) = ((1 + x)/2)/" (section 9.5, problem 8), with 


ty) = % = 0, @=7=M = 1, shows (w arbitrary integer > 1). 


7) Let fbea real valued bounded continuous function in the open polycylinder P: 


|fé—t| <a, |v — % | < b in R*, and let M= sup |f(,x)|; let y = inf (a,b/M), and let 
(2) eP 


I = Jtj — 749 + v[. Let ® be the set of all solutions u of x’ = f(t,x), defined in I, 
taking their values in the open interval Jv, — b,%) + b[ and equal to #%, for ¢ = f; 
the set ® is not empty (problem 4 b)). For each tel, let v(t,t,,7%9) = inf u(Z), 


ue® 
w(t,ty,%) = sup u(t); show that v and w belong to @ (section 7.5, problem 11); v 
uEe® 
(resp. w) is called the minimal (resp. maximal) solution of x’ = f(t,x) in I, corresponding 


to the point (f,%9). 

For each tel, let € = v(z,t),%). Show that v(t,t,6) = v(t,to,¥%)) in an interval 
of the form [t,t + h| ift > t, of the form |r — h,t] if t < f (with A > 0). Conclude 
that there is a largest open interval J¢,,f,[ contained in |fy — a,fy + a[ and containing fy, 
such that v(t,fy,¥%9) can, be extended to a continuous function g defined in }f,,f,[, taking 
its values in ]%) — b,¥) + b[, and such that, for every f€ ]t,,f,[, g(s) = v(s,t,¢(t)) 
in an interval of the form [/,¢ + h[ift > ¢, of the form ]t — h,f] ift < t (with h> 0). 
(If g,; is another such extension of v(t,f),¥,) in an interval Nate [, show that g and g, 
coincide in the intersection of Jf,,¢,[ and Tia tsi by considering the l.u.b. (resp. g.1.b.) 
of the points s in that intersection such that g and g, coincide in [f,s[ (resp. in ]s,fg]). 
Furthermore, either ¢,=¢t—a (resp. tg =f) +a), or g(t, +) = *%,+5 (resp. 
g(t, —) = % + 5). 
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6. Linear differential equations 


The existence theorem (10.4.5) can be improved in special cases: 


(10.6.1) Let 1CK be an open ball of center ty and radius r. Let f be contin- 
uous in 1X E if K=R, analyticin Ix E tf K=O, and such that 
IF(é,%1) — f(t,%9)|| < R(|t — tol) ||, — x9|| for £1, x4,x, in E, where & > k(€) 
ts a regulated function in [0,r[. Then for every x) EE, there exists a unique 
solution u of (10.4.1), defined in I, and such that u(t)) = xo. 


We only have to prove that, if c is the l-u.b. of the numbers p such that 
0 < p<, and that there exists a solution of (10.4.1) defined in |t — t| < p 
and taking the value xy at ¢y, then c = r (by (10.5.2)). Suppose the contrary; 
then, by (10.5.2), there is a solution v of (10.4.1) defined in J: | — t| < c 
and such that v(¢)) = %). We are going to show that the conditions of 
(10.5.5) are satisfied; applying (10.5.5) then yields a contradiction and 
ends the proof. 


As here H = E, the condition v( J) C H is trivially verified, so we have 
only to check that ¢ — f(t,v(t)) is bounded in J. Now, in the compact 
interval [0,c], & is bounded and so is the continuous function ¢ > ||(¢, x9) || 
in the compact set ile hence there exist two numbers m>0, h>O 
such that ||f(¢,x)||<m||x|| +A for t€J and xeE. This implies 
v’(é)|| < m|lo()|| + 4 for te J; if we write w(é) = ||v(@ + Aé)|| with 


A 


g 
= I, the mean value theorem shows that w(&) < ||x9|| + Ae + m [w(C)a. 
0 


We therefore can apply lemma (10.5.1.3), which shows that 
lv(t)||<ae""~*l4b in J (a and b constants), hence v is bounded in J, 
and so is ||f(t,u(¢))|| < m||o(é)|| + 2. 

Here again, when K = R, the condition of continuity on / can be relaxed 
to condition a) of Remark (10.4.6). 


A linear differential equation is an equation (10.4.1) of the special form 
(10.6.2) % = Ail x OG) (= fiGa) 


where A is a mapping of I into the Banach space #(E; E) of continuous 
linear mappings of E into itself (5.7), and 6 a mapping of I into E. We have 
here H = E, and by (5.7.4) 


|| (2,44) aad 1(t,%») || < ||A(Z)|| : [| — %e|| 
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for all £€1, x,,%, in E. Applying (10.6.1) and the remark which follows, 
we) therelore: ger, 


(10.6.3) Let 1c K be an open ball of center ty. Suppose A and 6 are regulated 
in lif K = R, analyticin lif K =C. Then, for every x, EE, there exists 
a unique solution u of (10.6.2), defined in I and such that u(t) = Xp. 


Observe that if 6 = 0, and x) = 0, the solution wu of (10.6.2) is equal to 0. 
From (10.6.3) we easily deduce the apparently more general result: 


(10.6.4) The assumptions being the same as in (10.6.3), for every s EI and 
every x, EE, there 1s a unique solution u of (10.6.2) defined 1n I and such 
that us) = Xp. 


Replacing ¢ by ¢ — tf, we may assume that 4, = 0. Suppose I is a ball 


t— , , 
= is an analytic homeo- 
st — r? 

morphism of I onto itself, mapping s on 0 (one has only to write 


of radius7; it is readily verified that ¢ > 7? 


p= & v2 v2 — |s\? 


r? =|] — ——! ) to evaluate the l.u.b. of the absolute value 


Si— 77 5 r — st 

of the right-hand side for |¢| <7, and to see that number is equal to7). Now, 
Gi = i—s (St — 7?)2 i—s 

f A,() =~ — > Al? =; 4,(¢) = = — = 0? = | 
meet) r?(\s|2 — rv?) Hay’ anne Tipo = 2 HP 
one sees at once that if v is the unique solution of the differential equation 


a! = A,(t)- x + (2) 


defined in I and such that v(0) = x», then u(¢) = v G =a jis the unique 


#7? 
solution of (10.6.2), defined in I and such that u(s) = Xp. 

When E = K”, A(¢) = (a,;()) is an m X nm matrix, b(t) = (,(t)) a vector, 
the a;,(¢) and 0,() being regulated in I if K=R, analytic if K =C; if 


% = (%i)1<;<,, the equation (10.6.2) is equivalent to the system of scalar 
linear differential equations 


(10.6.5) = aoe) (<i <a), 
j=l 


The (scalar) linear differential equations of order n > \ 


(10.6.6) = D"x —a,()D"~'x — ... —a,_,()Dx — a,(t)x = O(8) 
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are equivalent to special systems of type (10.6.5); one has only to write 
% =x, X= D?—'x for 2<p<n, and (10.6.6) is equivalent to 


eee ee for l<kgun—l 
(10.6.7) 


‘ 


Ain a(t) x, as y(t) X, _ 1 a tees ap a,,(t) x =e b(?). 
7. Dependence of the solution on parameters 


(10.7.1) Let E be a Banach space over K, | an open subset of K, H an open 
subset of E, P a metric space, f a mapping of | x H x P into E. Suppose 
that: 1° for any z EP, (t,x) > f(t,x,2) ts a continuously differentiable mapping 
of | xX Hinto E; 2° f and Dy} are continuous inl x H x P. Then, for any 
point (ty,X9,%) €1 x H x P, there exists an open ball JCI of center ty and 
an open ball T € P of center 2 such that, for each z ET, there exists in J one 
and only one solution t + u(t,z) of the equation x' = f(t,x,z) such that 
u(t),2) = X». Moreover the mapping (t,z) > u(t,z) ts bounded and continuous 
ae 1. 


The proof is very similar to that of (10.4.5). Let J, be a compact ball 
of center ¢) and radius a contained in I. By (10.4.5.1), there is an open 
ball B of center x) and radius } contained in H, and an open ball T of center 
elieuamorcheehaual(¢2.2)\ =< Mand ||D,/(2,%,2)|| << kin J, x Bx T> For 
y< a, let J, be the closed ball of center 4) and radius y. If K = R, we 
define F, to be the space of bounded continuous mappings y of J, x T 
into E, which is a Banach space. If K = C€, we define F, as the space of 
mappings y of J, x T into E which are bounded and continuous in J, and 
such that, for any z ET, ¢ > y(é,z) is analytic in 1; this is again a Banach 
space by (9.12.1). The remainder of the proof of (10.4.5) is then unchanged. 


For linear differential equations, there is a better result: 


(10.7.2) Let IC K be an open ball of center ty; suppose A and b contin- 
uous in I x P, and, if K =, such that for each zEP, t + Alt,z) and 
t — b(t,z) are analytic in I. For any x €E, let t — u(t,z) be the solution of 
x' = A(t,z)- x + (tz) defined in 1 and such that u(ty,z) = %; then u ts 
continuous in I xX P. 


Let z)¢P, and consider an arbitrary compact ball JCI of center 4 
and radius 7; it will be enough to prove that # is continuous at each point 
(t,2)) where te J. As u/(¢,z9) is continuous in J, it is bounded in that 
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compact set, let ||«(¢,z9)|| << Min J. By (10.4.5.1), there is a neighborhood U 
of z in P such that ||A(é2z)|| <& for ze U and te J. Given arbitrarily 
an ¢ > 0, let us show next that there exists a neighborhood V C U of 2p in 1? 
such that ||A(¢,z) — A(é,29)|| <e and |[b(4,2) — b(t,2)|| <e for te J and 
ze V. We only have to remark that for anys € J there isa neighborhood W, 
of s in J and a neighborhood V,¢ U of z) in P such that the preceding 
inequalities hold in W, x V,; then we cover J by a finite number of 
neighborhoods W,., and take for V the intersection of the V,. We can 


now write 
w!(t,2) — w'(t,29) 
= Alt,z) « (u(t,z) — ult.2)) + (A (2) — Alt20)) * Wlt49) + Olé,2) — B(t426) 
hence, for ¢¢ J and zeV 


|\xe’(t,2) — 4’ (t,29)|| < R- |}w(t,2) — w(t,29)|| + e(M + 1). 


Put t=t,+Aé with |A|=1, O0<E<y, and w(é) = ||#(ty + AE,z) — W(t + AE,20) ||; 
g 

then by the mean value theorem, we have w(é)<e(M+ 1l)r+kf w(C)dl 
0 


for O0<é <r, and using (10.5.1.3), we obtain w(é) < e(M + 1)re*” for 
0 <é<y, in other words, we have ||(t,2) — u(t,z9)|| < e(M + Ire” for 
te J andzeV; ase is arbitrary, this ends the proof (since ¢ — u/(?,29) 1s 
continuous in J). 


(10.7.3) In addition to the assumptions of (10.7.1), suppose that P is an 
open subset of a Banach space G, and that f 1s continuously differentiable 
mix HX P. Le J, C1 be an open ball of center 1, and 1,CP an open 
ball of center 2 such that, for every 2 &T7,, there is a solution t — u(t,z) of 
x’ = flt,x,z) (necessarily unique by (10.5.2)) defined 1 J, and such that 
U(ty,Z) = X%. Then, for any open ball J of center ty, such that ie jpeeitere 
exists an open ball T CT, of center z such that (t,z) — u(t,z) ts continuously 
differentiable in J x T. Furthermore, for any z ET, t > Dgu(t,z) is equal 
in J to the solution U(t,z) of the linear differential equation 


(10.7.3.1) U' = Alt,z)oU + B(t,z) 


such that U(t,,2)=0, where A(z) = Dyj(uli.2),2) aug Biz) = Daft ae 
Let J be an open ball of center ¢ and radius , such that Jc J,. By 
(10.4.5.1), there is an open ball SC H of center «) and an open ball T ¢ T, of 
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center z, such that D,/and D,/ are bounded in J x S x T, let ||Do/(¢,x,z)|| <a 
and ||D,/(é,x,z)|| << 6. Then, by (8.5.2) and (8.9.1), we have, 


(10.7.3:2) (2.41.21) — £@,%2,%9) || < al |x, — xQ|| + B]lz, — z,]| 


forte J, %1,%, in S, 2,2,in T. Taking (10.7.3.2) into account, we see that, 
by (10.5.1), we have, for ¢e J and 2,2, in T 


(107 723.3) ||2e(#,24) — t(t,25) || < c||z, — 29|| 


with ¢ = b(e” — 1)/a. We next prove that, given a point ze T and e > 0, 
there exists p > Osuch that, forany w € P such that z + w € T and ||w|| <p, 
and any te Jk we have 


|\/(,e(t,2 + w),2z + w) — f(t,u(t,z),2) — A(t,z) « (u(t2 + w) — u (é,2)) — Bit,z) -w]| 
(10.7.3.4) <el|w|. 


indeed using (8.6.2), (8.9.1), the continuity of D,j and D,/in | x Hx P, 
and relation (10.7.3.3), for any s € J, there is a neighborhood W, of s in J, 
and a number p(s) > 0 such that relation (10.7.3.4) holds for ¢e W, and 
||ze|| < pfs); covering J by finitely many W,., we need only take for p 
the smallest of the p(s,;) to have (10.7.3.4). Due to the definition of u(4,z), 
(10.7.3.4) can also be written 


||D,u(t,z + w) — D,u(t,2) — A(é,z) - (u(t,.2 + w) — w(t,z)) — Bit,z) - wl) 
(10.7.3.5) < ello. 


Now the existence of U(i,z) in J x T is guaranteed by (10.6.1). Put 
v(t,z,w) = u(t,z + w) — u(t,z) — U(t,z)-w; this function has a derivative 
with respect to ¢ equal to 


D,v(t,2z,w) = D,u(t,z + w) — D,u(t,z) — Alt,z) -(U(,z) -w) — Bitz) +e, 
by (10.7.3.1). Relation (10.7.3.5) therefore can be written 
||[D,v(¢,z,0) — A (tz) - v(¢,2,e) || < elle], 


for any t € J and any w such that z + we T and ||w|| <p. In other words, 
u(t,z,@) is an approximate solution, with approximation e'|w|), of the linear 
differential equation 


(10.7.3.6) y' = Alt) -y. 
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Furthermore, we have v(%,2z,7) =0 by definition; as ||A(é¢,z)|| <a in 
J x T, we conclude from (10.5.1) (since 0 is a solution of (10.7.3.6)) that 


||o(é,2,20+) || < coe] |r| 


where cy = (e” — 1)/a, this inequality being valid for any te J and any w 
such that z+ weT and ||w|| <p. As ¢ is arbitrary, the definition of the 
derivative of a function shows that u is differentiable with respect to z 
ateany pomt (£2) € || x f and thar Dowi7 2 ae), 

Finally, from the assumptions and (10.7.2), it follows that U is contin- 
uous in J x T; on the other hand, D,x(é,z) = f(d,u(¢,z),z) is continuous 
in J X T by (10.7.1). Therefore, by (8.9.1), w is continuously differentiable 
in J X T, and this ends the proof of (10.7.3). 


(10.7.4) In addition to the assumptions of (10.7.3), suppose f is p times 
continuously differentiable in Ix Hx P. Then, for any open ball J of 
center ty, such that JC J,, it is possible to take T such that wis p times contin- 
uously differentiable in J x T. 


If p = 1, this is (10.7.3). Using induction on #, suppose we have proved 
the result for (6 — 1) times continuously differentiable mappings. Then, 
in the right-hand side of (10.7.3.1), A and B are p — 1 times continuously 
differentiable mappings in J x T (by (8.12.10)); therefore, by (10.7.3) 
(applied to U(é,z)), Dyu(t,z) is  — 1 times continuously differentiable in 
J x T (when T has been conveniently chosen). On the other hand 
D,u(t,z) = f(t,u(t,z),z) is also # — 1 times continuously differentiable in 
J x T by the induction hypothesis and (8.12.10); therefore Du(?,z) isp — 1 
times continuously differentiable in J x T by (8.9.1), (8.12.9) and (8.12.10); 


but this implies that u is p times continuously differentiable in J x T, 
by (8.12.5). 


(10.7.5) Suppose that the Banach spaces E and G are finite dimensional 
and that { is analytic in x H x P. Then, for any open ball J of center to, 
such that Jc Ji, t ts possible to take T such that u is analytic in J x T. 


If K = €, this follows immediately from (10.7. 1), (10.7.3), (9.10.1) and 


(9.9.4). If K = R, we apply an argument exactly similar to that of (10.5.3), 
which we accordingly suppress. 


(10.7.6) Remarks. There are several improvements and variants of 
the preceding theorems. For instance, in (10.7.3), when Ko Rte 
existence of Djf is not required to insure that D,u(t,z) exists: we need 


7. DEPENDENCE OF THE SOLUTION ON PARAMETERS 295 


only the continuity of D,f and D,/ as functions of (x,z), and their 
boundedness in J x S x T, as well as the fact that ¢ > /(¢,A(¢),z) is regulated 
in I for any function / continuous in I and similarly for D,/ and D,f. We 
can also consider the case in which I is an open set in R and E a real Banach 
space, but G a complex Banach space; for any ¢é€ J,, z > u(t,z) is then 
analytic in T. 


PROBLEMS 


1) The notations being those of section 10.4, let I be an open ball in K of center ¢, 
and radius a, S an open ball in E of center x7, and radius 7, G the normed space 


Age x S) (section 7.2). For each M > 0, let Gy be the ball ||/||< Min G. Let L 
be the subset of G consisting of all continuous lipschitzian mappings of I x S into E 
(10.5.4); for each M > 0, let Jy, be the open ball of center ¢, and radius inf (a,r/M); 
for each function {/¢ LM Gy, there is a unique solution u = U(f) of x’ = f(t,*) taking 
its values in S, defined in Jy and such that u(t) = x, (section 10.5, problem 6 c)). 

a) Let (f,) be a sequence of functions belonging to LN Gy, and suppose /,, converges 


uniformly in I x S to a funetion /; show that in the space ine every cluster 
value of the sequence of functions u, = U(f,) is a solution of x’ = f(t,x), taking its 
values in S, and equal to x, for ¢ = f) (use (10.4.3) and (8.7.8)). Give an example in 


which the sequence (u,,) has no cluster value in €z (Ju) (see section 10.5, problem 5). 

b) Suppose in addition that E is finite dimensional; using the result of a), give 
a new proof of Peano’s theorem (section 10.5, problem 4 b); use Ascoli’s theorem 
(7.5.7) and the Weierstrass approximation theorem (7.4.1)). 

2) a) In the polycylinder P: | —t| <a, |x — *,|<0 in R%, let g,h be two real 
valued continuous functions such that g(t,7) < h(t,~) in P. Let u (resp. v) be a solution 
of x’ = g(t,x) (resp. x’ = h(t,x)) defined in an interval [%,f) + ¢[, taking its values in 
]*) — b,%9 + bf and such that u(f,) = % (resp. v(t) = %9); show that u(/) < v(t) 
for tj) << ¢ < ft + ¢ (consider the l.u.b. of the points sin [f9,4) + ¢[ such that u(t) < v(t) 
for j< ¢< 5s). 

b) Let g be continuous and real valued in P, and let u be the maximal solution 
of x’ = g(t,x) corresponding to (tj,%9) (section 10.5, problem 7); suppose is defined 
(at least) in an interval [t),f) + c[ and takes its values in ]%) — b,% + b[. Show 
that in every compact interval [¢),f) + d@] contained in [f9,f) + ¢[, the maximal and 
minimal solutions of x’ = g(t,x) + e are defined and take their values in ]xy — b,%) + b[ 
as soon as ¢ > 0 is small enough, and converge uniformiy to « when é tends to 0. 
(Given ¢,> 0, there exists an s > f such that the maximal and minimal solutions 
of all the equations x’ = g(t,*) + ¢ for 0< ¢ < €q corresponding to (49%), are defined 
and take their values in ]%) — 6,% + 6[ in [%,s]; observe that all these functions 
form an equicontinuous set in [¢),s], and prove the uniform convergence to in [¢),5] 
by applying the result of a), Ascoli’s theorem (7.5.7), (1 0.4.3) and (8.7.8). Finally, 
show that the l.u.b. of the numbers d having the stated property is necessarily equal 
to c, using in particular the last statement of section 10.5, problem 7.) 

c) In the ball P, let g and h be two continuous real valued functions such that 
g(t,x) <h(t,x) in P. Let [f9,4) + ¢] be an interval in which a solution u of #’ = g(t,x) 
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such that w(f,) = ¥), and the maximal solution v of #/ = h(t,¥) corresponding to 
(fy,¥9) are defined and take their values in ]%) — b.% + 6[. Show that u(f)< u(t) 
for tf) <t<% + ¢ (apply a) and b)). 

3) a) Show that the conclusions of problem 6 a) of section 10.5 are still valid when 
E is finite dimensional, and the assumptions are modified as follows: 1° f is supposed 
to be continuous in I x H (when K = R), but not necessarily locally lipschitzian; 
2° » is the maximal solution (section 10.5, problem 7) of the equation 2’ = h(s,2) 
in [0,«], corresponding to the point (0,0). (Use the results of problems 1 a) and 2 b), 
and apply the diagonal process as in problem 4 b) of section 10.5.) 

b) Suppose in addition that there exists a sequence (Yy)n>0 Of real valued 
functions, continuous in [0,@], taking their values in [0,7], such that for » > 1, 


s 
Vals) = frlE,Vn—16))dE for 0<s<a. Let yy be continuous in J if K = R, analytic 
0 


in J if K = ¢, with values in S, and such that ||y9(/) — #q|| < Yo(|é — tol) in J. Show 
that there exists a sequence (y,)n>1 Of mappings of J into 5, which are continuous 


t 
if K = R, analytic if K = €, and such that y,(!) = %) + S7(O.yn — 1(8))28, and that 
ty 


yn(t) — #9|| = Yu(lé — ig)) im Ji terevery 7 2) When at, conclude that the 
sequence (y,) converges in J (uniformly in every compact subset of J) to the unique 
solution u of x’ = f(t,x). (Use (9.13.2) and the proof of (10.4.5).) Is this last statement 
still true when K = R and f is not supposed to be locally lipschitzian (cf. section 10.5, 
problem 2) ? 

4) a) Let I= [%,f9 + ¢[C R, and let m be a real valued continuous function > 0, de- 
fined in I x R. Let S bean open ball of center #, in E, and let / be a continuous mapping 
of | x Sinto E such that forte l, x,¢S and % €S, ||f(t,%,) —/(.%2)||< ov(t,||%— %e||). 
Let u,v be two solutions of x’ = f(#,*), defined in I, taking their values in 5, and such 


that u(t) = x1, v(t,%) = 4%; let w be the maximal solution (section 10.5, problem 7) 
of 2’ = w(t,z) corresponding to (fp, 
that in I, 
z’ = w(t,z) + € corresponding to (fo,| 


|x, — ¥9||), and suppose w is defined in 1; show 


u(t) — v(t)|| < w(t). (For small e > 0, consider the maximal solution w(t.e) of 
), which is defined in [f9,f) + 4] 
if d <c, as soon as € is small enough (problem 2); show that for in Se U Zz ty + G, 
||u(t) — v()|| < w(t,e), using contradiction: consider the g.lb. ¢, of the points ¢ such 
that ||y()|| > w(t,e), where y(4) = u(t) — v(f), and observe that for #> 


41 — #2 


lly) || — oil <|lv@ — y@d|l< sup ||y’(s)|]- (@ — 4)-) 
byes at 
b) Let I’ = ty — ¢,fg], and suppose that the assumptions of a) are verified when I 


is replaced throughout by I’. Let now w be the minimal solution of 2’ = a(t,z) cor- 
responding to (t9,||¥, — %9||), and suppose it is defined in I’; show that in I, 
||z¢(t) — v(t)|| >= w(t) (same method). 

5) a) Let I be the open interval ]0,a[ in R, and let w be a continuous function in 
I x [0,+ o[, such that e(t,z) > 0, and w(?,0) = 0 for fe 1; mw can be extended to 
I x R by the condition w(t, — z) = w(t,z) for z< 0. We suppose that if w is a solution of 
z’ = w(t,z) defined in an open interval ]0,«[(CJ, such that w can be extended by continu- 
ity to the half-open interval [0,«[ by taking w(0) = 0, and that in addition w’(0) is then 
defined and equal to 0, then necessarily w(t) = 0 identically in ]0,«[. Let now 5 be an 
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open ball of center xv) in a real Banach space E, f a continuous mapping of [0,a[ x S 
into E, such that, for 0<¢< a and 4%,,+, in S, ||f(4,7,) — f(é,2)|| << w,||%, — ll). 
Show that in an interval [0,«] with « < a, there is at most one solution u of x’ = f (t,x) 
such that #(0) = 7. (Use contradiction: if v is a second solution such that v(0) = %, 
minorize ||«(¢) — v(¢)|| in ]0,«], using problem 4 b).) 

b) Let 6(t) be a continuous function defined in }0,a{ and such that O(t) > 0. Show 


Poe 


A(t 
that if the integral i i. dt is convergent, the result of a) applies to w(t,z) = 
0 t 


r O(t) 
if, on the contrary, (rs di = + c, give an example of a continuous real valued 
0 


te 5) 


function f in [0,@[ x R, such that |f(t,7,) — f(t,%)|< |¥, — x5], and that 


the equation +’ = f(t,7) has an infinity of solutions in [0,a[, equal to 0 for ¢ = 0. 
ii 1 + A(s) 


t Ss 


(Let gaa) = ex i) ; define f(t,7) as equal to (1 + O(/))x/t for |x|< @(d), 


and independent of # for |x| > /(?).) 
6) Let I be an open interval in R, H an open subset of a Banach space E over R. 


Let 4, be a point of I. 
a) Suppose fis continuousinI x H, and that there isa number & such that O<& <1 


k 
and that, forany ?> #), and x,,#, arbitrary in H, ||/(¢,+,) — f(4,7»)||< [Toa |\|¥, — %9||. 


There is then at most one solution of x’ = f(/,x) taking a given value x, € H for? = & 
and defined in a neighborhood of ¢, (problem 5 a)). But in addition, if u,v are two 
approximate solutions of +’ = f(t,¥) in an open ball J of center ¢, contained in I, 
with approximations &,€,, and such that u(¢)) = v(4)) = %, then, for any ¢e J 


G4 AP Ge 
1—k 


lu(e) — vl] << 2% fe — a. 
(Use the same method as in (10.5.1).) 

b) Let ee ae if, Jel = 13 = 18, aimel lee @ os the set of all real valued func- 
(4%) — f(t %)|< | — ¥9l/|¢)- 
There is then at most one solution of x’ = f(t,*) taking a given value for ¢ = ¢) and 


detined in a neighborhood of ¢, (problem 5 a)). But prove that there is xo function 
p(t,e) = 0 such that, for any pair (u,v) of approximate solutions, with approxima- 
tion ¢, of any equation x’ = f(t,) with fe€@, such that wu and v are defined in I and 
u(ty) = v(t), the relation ||«() — v(é)| 
any a € 0,)[, let f be the continuous function equal to +/¢ for |z|< #/(« — 4), 
0<¢t<a, and fort >a, and independent of ¢ for the other values of (¢,7) such 
that ¢>>0; define /f(t,x) =/(— t,x) fort< 0. Take wu =O; let v(t) = ef for 
|{| <a, and take for v a solution of x’ = {(t,x) for the other values of ¢.) 

7) The notations being those of section 10.4, suppose E is finite dimensional and 
f is continuous in I x H; let (4,9) be a point of I x H, J an open ball of center 4, 
contained in I, S an open ball of center x) such that SCH. Suppose / is bounded 


would hold for every tel. (For 


in J x S, and the following conditions are verified: 
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1° There is af most one solution of #’ = f(t,) defined in an open interval contained 
in J and containing ‘), and taking the value % for t = 4%. 
2° There exists a sequence (uy)n,>0 of continuous mappings of J into S such that 


t 
Hil) = hy Fe Ji (sun — 1(s))as for n> 1 and ¢e J. 
bo 


3° For every ¢€ J, u,+41(#) — u,(t) converges to 0 when n tends to + o. 

Show that in every compact interval J’C J containing #, the sequence (un) 
converges uniformly to a solution of #’ = f(t,#) equal to % for t= fh. (Observe that 
the sequence (u,) is equicontinuous; use Ascoli’s theorem (7.5.7), as well as (3.16.4) 
and (8.7.8).) 


8) Suppose E is finite dimensional, m and f verify the conditions of problem 5 a), 
and in addition, for every t€ ]0,a[, the function z — w(t,z) is increasing in [0,+ cof. 
There is then at most one solution of x’ = f(t,7) defined in an interval [0,«[C¢ [0,a[ 
and taking the value x, for ¢ = 0 (problem 5 a)). Suppose in addition that there 
exists, in an interval J = (0,x] ¢ [0,a[, a sequence (uy),>0 of continuous mappings 

t 
of J into S such that u,(#) = %) + J F(sun —1(s)) ds form > landteJ. 
0 


a) For every te J, let yy(t) = ||un+1(t) — un()||, zn) = sup Yn+e(4), and 
k>0 


w(t) = inf z,(2). Show that the functions z, and w are continuous in J (use problem 11 
n= 


of section 7.5). 
b) Let #4 — h be two points of J (kh > 0); show that, for every 6 > 0, there is 
an N such that, for m > N, 
i 


lyn(t) — Ynlt — b)| << J e(s,w(s) + dds. 
t—h 


(Use the mean value theorem (8.5.1), as well as (7.5.5).) 
c) Deduce from b) that, for » > N 
t 
lzn(t) — 2n(é—h)|< J c(s,w(s) + 6)ds 
t—h 
(consider in succession the cases z,(f) < z,(¢ — h) and 2,(t) > 2z,(¢ —A)). Hence 
t 
jw(t) — w(t —h)| < f w(s,w(s))ds (by (8.7.8)). 
p= 1p 
d) Conclude that w(t) = 0 in J (same argument as in problem 4 b) and pro- 
blem 5 a)), and using problem 7, prove that the sequence (u,) converges uniformly 
in J to a solution of #’ = f(t,~) taking the value x, for t = 0. 


9) The notations being those of section 10.4, suppose E is finite dimensional, and / 
is continuous and bounded in I x H. Suppose in addition there is at most one solution 
of #’ = f(t,x) defined in any open interval J CI containing f, and equal to %,¢H 
for? = fj). Suppose that, for any integer m > 0, there exists an approximate solution 
Uy, Of x = f(t,x), with approximation 1/n, defined in I and taking its values in H, 
and such that u,(4)) = 7%). Show that in any compact interval contained in I, the 
sequence (u#,) is uniformly convergent to a solution u of #’ = f(t,x), taking its values 
in H and such that u(f,) = x). (Use the same argument as in problem 7.) 
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(10.8.1) Let f be locally lipschitzian (10.5.4) in I x H if K = R, analytic 
mlx HifK=C. Then, for any point (a,b) eI x H: 

a) There is an open ball JCI of center a and an open ball VCH of 
center b such that, for every point (ty,x9) € J x V, there exists a unique solu- 
tton t > u(t,to,X9) of (10.4.1) defined in J, taking tts values in H and such 
WSs TG ee GN) —= Bees 

b) The mapping (t,t,%) > u(t,ty,X%) ts uniformly continuous in J x J x V. 

c) There 1s an open ball WCV of center b such that, for any point 
(t,¢9,%) € J X J x W, the equation x) = u(ty,t,x) has a unique solution 
% = Ult,ty,%) 1m V. 

a) By assumption, there is a ball J,cI of center a and a ball 
By CH of center } and radius 7 such that in Jo x Bo, ||/(¢,x)|| <M, and 
era — 725). 2 [la — x4|| for fe Jo, 4.x, in B, By (10.4.5) there 
is an open ball J, © Jo of center ¢) and a unique solution v of (10.4.1) defined 
in J,, taking its values in H and such that v(a) = b. We are going to see 
that the open ball V of center 6 and radius 7/2, and the open ball J of 
center a and radius p, answer our specifications as soon as p is small enough. 
Apply (10.5.6) to the case « = 6@=0; this shows that there exists a 
solution of (10.4.1) defined in J, with values in Bo, taking the value x, € V 
at the point ¢) € J, provided we have 


(10.8.1.1) [|o(¢) — || + flog) — xolle*l tl r 


for every ¢€ J. But by the mean value theorem, we have ||v(¢) — 4]| 
< M|t—al|< Mp for every te J; as by assumption ||x) — 8|| < 7/2, 
the inequality (10.8.1.1) will be satisfied if p is such that 


(10.8.1.2) Mp + (Mp a 5) Cun y 

which certainly will be satisfied for small values of p > 0. 
b) From the mean value theorem, we have 

(10.8.1.3) [|2#(41s49,%0) — #(to,t.%0) || << Mt, — 44] 

fetea ie vyeiiny ley (10-5. 1), we have 


(10.8.1.4) ||ee(¢,¢9,44) — (t,t, %p)|| < e*” |xy — | 


300 X, EXISTENCE THEOREMS 


ior Hint Up ec on Pee lllby, (UI 0.8.1.3) ford, = 75 yields by definition 
||ze(t,,to,%9) al Xo|| < M(t, ea t,| 


and as t > u(t,tp,%») is the unique solution of (10.4.1) in J which is equal 
to u(ty,t),%) at the point ¢,, we have, by (10.5.1) 


(10.8.1.5) i\it(t,£,,%) — W(tste,Xo)|| < Me” lt, — ty] 


for Ftqty I) |e, e Ve) Lhe thwee inequalities (10.8.1.3), (10.8.1.4) and 
(10.8.1.5) prove that # is uniformly continuous in J x J x V. 


c) By (10.8.1.3), we have ||#(t,t9,%») — %q|| << M|é— t| << 2Mp in 
J x J x V. Suppose p satisfies (10.8.1.2) and in addition the inequality 
2Mp < 7/4; then, if W is the open ball of center b and radius 7/4, we have 
u(t,to,%) € V for tty in J and x,eW. Let x= u(t,ty,%9) for such values of 
Ley cq ublema (5,0, is defined in J and is the unique solution of (10.4.1) 
with values in H which takes the value x at the point ¢; but ass > US, bgital 
has these properties, we have u(s,t,~) = u(s,to,%») for se J; in particular 
%q = U(ly.tg,%o) = U(t,t,x). Suppose now y € V is such that u(ty,t,y) = %; 
then s — u(s,t,y) is a solution of (10.4.1) defined in J and taking the value v9 
ior 5 —7,, theretare Uu(S,1,¥) = (Sito %) tor any Se J, and in particular, 
fom = Lig) = 2 Wichvends the proof. 


(10.8.2) With the notations of (10.8.1), suppose that f 1s continuously differen- 
tiable (resp. p times continuously differentiable, analytic (if E is finite 
dimensional)) in 1 x H. Then it is possible to take J and V such that the 
function (t,ty,%) > (Eto. Xo) tS continuously differentiable (resp. p limes 
continuously differentiable, analytic) in J x J xX V. 


Indeed, if we write .v(s,to,%)) = (tly + S.fg.%) — %, we see that 
s — u(S,l,%) is a solution of the equation 


2 tg 1S mye) 


which takes the value 0 at the point s = 0; the result then follows from 


(10.7.3), (10.7.4) and (10.7.5). 


For linear differential equations, there are much more precise results. 
The equation 


(10.8.3) = Aes 
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is called the homogeneous linear differential equation associated to (10.6.2); 
the difference of any two solutions of (10.6.2) in I is a solution of (10.8.3) 
in I, and the solutions of (10.8.3) in I constitute a vector subspace ¥ of 
the space @,,(I) of all continuous mappings of I into E. 


(10.8.4) For each (s,%9), let t + u(t,s,xq) be the unique solution of (10.8.3) 
defined in I and such that u(s,s,xX9) = Xp. 

1® For each t El, the mapping xy > u(t,s,%9) is a linear homeomorphism 
C(i,s)e L(E) of E onto itself. 

2° The mapping t + C(t,s) of I into the Banach space FE) is equal 
to the solution of the linear homogeneous differential equation 


(10.8.4.1) OP = AG! 


which ts equal to I,, (identity mapping of E) fort =s. 
3° For any three points r,s,t in I 


(10.8.4.2) Ft) =="C 1s \oC (5,0) and Cis — (Cs) 


It is clear that u(t,s,x,) + u(t,s,x,) (resp. Au(t,s,x9)) is a solution of 
(10.8.3) which is equal to x, + %, (resp. Ax») for f= s; hence (10.6.4) it 
is equal to u(t,s,x, + x) (resp. u(t,s,Ax9)) in I, which proves that the 
mapping %) — w(t,s,%») is linear; let us write it C(¢,s) (we have not yet 
proved that this mapping is continuous in E). 

Now the bilinear mapping (X,Y) > XoY of Y(E) x #(E) into #(E) 
is continuously differentiable (8.1.4); denote by A(¢) the continuous linear 
mapping U — A(t)oU of #(E) into itself. From (5.7.5) it follows at once that 


Rd) — RI! < [A — A) 


hence, if K = R, ¢ > R(t) is regulated if ¢ + A(t) is regulated. On the 
other hand, if ¢ + A(é) is differentiable, so is ¢ + R(t), and its derivative 
at the point ¢ (identified (8.4) to an element of Y(E)) is the mapping 
U + A’(t)oU ((8.1.3) and (8.2.1)); hence if ¢ ~ A’(é) is continuous, so is 
t + R'(t). We can therefore conclude that if K = C and if ¢ > A(é) is 
analytic in I, so is ¢ + R(d) (9.10.1). In any case, we may apply (10.6.4) 
to the equation (10.8.4.1); let V(é) be the solution of that equation equal 
ton Ol? sae \VeHave, ior any 7 el ((8:1'3)-and (8.2.1) 


D(V (t) + %) = V4) + % = A) (Vf) + %) 


302 X, EXISTENCE THEOREMS 


and furthermore, for ¢ = s, V(s)+ %p =Jg: %p = %; it therefore follows 
from (10.6.4) applied to (10.8.3) that C(t,s) + % = V(t): x) for any *,€ E, 
hence C(t,s) = V(¢) for te1. This proves that C(t,s)¢ “(E) and that 
t + C(t,s) is the solution of (10.8.4.1) which is equal to Nye) == S: 

Finally, the function ¢ -> C(¢,r) + x9 is the solution of (10.8.3) equal to 
(G(G7 i, 1Olae=— ss) ENCE DY definition 


Cer, G(r sr (C(s,r) > %9) = (C(é,s)oC(s,7)) + X% 


for any %,€E, which proves the first relation (10.8.4.2); as C(t,t) = Zp, 
that relation yields C(t,s)oC(s,t) = Ig. This shows that C(s,t) is a bijective 
linear mapping of E, whose inverse mapping is C(t,s) (hence also belongs to 
Y(E)). With this we reach the end of the proof of (10.8.4). 

The operator C(t,s) is called the resolvent of (1 0.8.3) (or of (10.6.2)) in I. 


(10.8.5) The mapping (s,t) > C(s,t) of I x I into £(E) ts continuous. 


We may indeed write C(s,t) = C(s,to)o(C(é,to))~*, and the result then 
follows from (10.8.4), (5.7.5) and (8.3.2). 


The knowledge of C(s,t) enables one to give the explicit solution of 
(10.6.2) taking the value %» for ¢ = fy: 


(10.8.6) The function 
u(t) = C(t,ty) + % + f (C(ts) - 5(s))ds 


is the solution of (10.6.2) in I which is equal to x9 fort = ty (if K = {, tite 
integral is to be taken along the segment of origin f) and extremity 2). 
Indeed, one may write, by (10.8.4.2) 
t t 
J (C(és) - B(s))ds = C(t,to) - (J (Clto,s) * 6(s)) 4s) 


to by 


using (8.7.6); therefore, we have u(t) = C(t,t)) - z(t), where 


Hence ((8.1.4) and (8.2.1)) 


u'(t) = C' (tty) - z(t) + C(t) ° 2'(0). 
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Bite by (OB 4 1)eec ii AieCit,), and on the other hand, 
2'(t) = C(t,t) -d(¢) by definition; hence 


u'(t) = Alt) u(t) + BY) 


and as u(¢)) = Xo, this ends our proof. 

When E = K”, and the equation (10.6.2) is then written as a system 
of scalar linear differential equations (10.6.5), the resolvent C(s,‘) is an 
imvertible n X nm matrix (¢;,(s,t)) whose elements are continuous in I x I, 
and ¢ —¢;,(t,s) is a primitive of a regulated function in I if K=R, an 
endalviiciunction im Lat K = C. 


PROBLEM 


a) Suppose, in the linear differential equation (10.6.2), that A and 6 are analytic 
functions in the simply connected open subset HCC. Show that, for any ¢) ¢ H and 
any *, € E, there is a unique solution of (10.6.2), defined in H and such that u(t)) = x. 
(Use the same kind of argument as in (9.6.3): (10.6.3) allows one to define a solution 
of (10.6.2) along a broken line (section 5.1, problem 4) in H, and the argument of 
(9.6.3), along with local uniqueness, yields the result.) 

b) Show that the result of a) is not valid for the scalar differential equation 
x’ =1t/x: given any simply connected open subset HCC, and any ¢4,¢H, there 
exists an #) € E, such that x, ~ 0 and that there is xo solution of the equation defined 
in H and equal to %, for ¢ = 4. 


9. The theorem of Frobenius 


Let E,F be two Banach spaces over K, A (resp. B) an open subset of E 
(resp. F), U a mapping of A x B into the Banach space @(E;F) (5.7). 
A differentiable mapping « of A into B is a solution of the total differential 
equation 


(10.9.1) a 28) 
if, for any x € A, we have 
(10.9.2) ud (x) =u (2). 


When E = K, ¥(E; F) is identified to F (5.7.6), and a total differential 
equation is thus an ordinary differential equation (10.4.1). When E = kK” 
is finite dimensional, a linear mapping U of E into F is defined by its 
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value at each of the 7 basis vectors of E, and by definition, (10.9.2) is thus 
equivalent to the system of “partial differential equations” 


(10.9.3) 1) eee) (sa), 


In general, such a system will have no solution when 7 > 1, even if 
the right-hand sides /,; are continuously differentiable functions. We say 
that an equation (10.9.1) is completely integrable in A xX B if, for every 
point (%q,Vo) CA X B, there 1s an open neighborhood S of % in A such that 
there is a unique solution u of (10.9.1), defined in S, with values in B, and 
such that u(%) = Yo- 

We will suppose in what follows that U is continuously differentiable 
inA x B; foreach (x,y) €A x B, D,U(x,y) (resp. DgU(%,y)) is an element 
of AE Vie; F)) (respy 2 (FC (E. i) witichican be identified to the 
continuous bilinear mapping (s,,S.) ~ (D,U(%,y) « 51): S, of E x E into F, 
written (s,,5,) > D,U(x,¥) « (8,52) (resp. the continuous bilinear mapping 
(t,s) > (D,U(x,y)-t)-s of F x E into F, written (¢,s) = Di Viet s, 
(5.7.8); furthermore, the linear mapping s = (D,U(x,y) s) Sone 
into F, for each s, EE, is the derivative at the point (x,y) of the mapping 
x — U(x,y)+s, of E into F, by (8.2.1) and (8.1.3); similarly, the linear 
mapping ¢ > (D,U(%,y)-t)- s of F imto F, for each se Eis the derivative 
at the point (x,y) of the mapping y > U(x,y)-s of F into F. 


(10.9.4) (Frobenius’s theorem). Suppose U is continuously differentiable 
in A x B. In order that (10.9.1) be completely integrable in A x B,/it ts 
necessary and sufficient that, for each (x,y) €A X B the following relation 


(10.9.41) DU (x,y) - (51.59) + Da (ey) - (Ulery) + sp8a) 
= D,U(x,¥) + (S,,5,) + D,U(x,y) + (U(%,9) * $281) 
holds for any patr (s,,8.) in E X E. 


a) Necessity. Suppose u is a solution of (10.9.1) in an open ball SCA 
of center % such that (%9) = yo; then, from (10.9.2) and the assump- 
tion it follows that w’(x) is differentiable in S; moreover, for any 
s,€E, the derivative at the point x%) of the mapping + — u’(x) +s, is 
$, > u!"(%) + ($1,89) by (8.12.1). But by (10.9.2), that derivative is also 
(using (8.2.1), (8.1.3) and (8.9.1)) 


$y > (DU (% 9,9) + Sy) + Sg + (DgU (%,¥0) > ('(%o) * S1)) * Soe 
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Using the relation (10.9.2) again, and expressing that the second derivative 
of w at the point x) is a symmetric bilinear mapping (8.12.2), we obtain 
(10.9.4.1) at the point (%,y9). But by assumption that point may be 
taken arbitrarily in A x B, hence the result. 


b) Sufficiency. Let Sy¢ A be an open ball of center x» and radius «, 
T, © B an open ball of center y, and radius ~, such that U is bounded in 
So X Tp, let ||U(x,y)|| <M. We consider for a vector z € E the (ordinary) 
differential equation (where & € K) 


(102742) (a ec.) ef (E202) 


and observe that if # satisfies (10.9.2) in a neighborhood ||x — x9|| < p of 
Xq, € — u(xq + &z) for ||z|| < p is a solution of (10.9.4.2) in the ball [ele 
in K, taking the value yg for € =: 0 (which already proves uniqueness of u 
by (10.5.2)). Now the right-hand side of (10.9.4.2) is continuously 
differentiable for |é| <2, ||w — yo||< 6 and |jz||<«/2, and we have 
|f(€,w,2)|| < Ml|z|| for such values. Applying (10.5.6) to f and to g=Q, 
we conclude that for any z€ E such that ||z||< @/2M, there is a unique 
solution & -> v(&,z) of (10.9.4.2) defined for |é| < 2, taking its values in H 
and such that v(0,z) = yo. We are going to prove that the function 
u(x) = v(1,x — %) ts a@ solution of (10.9.1) in the ball ||x — x9|| < 8/2M. 

Now, for ||z|| < £/2M and |é| < 2, we know from (10.7.3) that v is 
continuously differentiable, and that € — D,v(é,z) is, for lé| <2, the 
solution of the linear differential equation 


= D,f(é,v(&,z),z)oV + Daf(é,v(E,2),2) 


faliieeticnvalcs0 Or ¢ — Use or any sveH, write e(6)—— Dou cz) ss 
pyeminavesse (4) Deut az) eG Dae ve2\2)-s; and trom “he 


definition of f/, this can be written 
g (€) = A(E) - (e(€),2) + BCS) > 8, + €C(E) - (S12) 


vote, val 2) ee ID UNG SIE ree yay ies Ula Sats sai 10 (S) = 
D,U(%_ + &2,v(&,z)). We want to prove that g(f) = €U(x_ + &z,v(€,z)) - sy 
and we therefore consider the difference 4(£) = g(€) — U(x) ++ éz,v(€,z)) -s)= 
g(é) — €B(é)-s,. We have 


h'(&) = A(E) - (g(€),2) + BCE) +s, + EC(E) - (sy,2) — B(E) > sy — EC(E) - (2,53) 
— €A(€) - (B(E) + 2,51) 
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using the relation D,v(é,z) = U(%» + &2,0(&2))°z = B(g)- 2. But relation 
(10.9.4.1) yields in particular 


C(E) = (2,8,) + A(E)- (B(E) + 2,51) = CCE) - (5,2) + A(8) > (BCE) - 51,2) 
hence 
h'(é) = A(é)- (g(€) — €B(E) + 51,2) = AE) + (A(6),2). 


Furthermore, (0) =0; but the only solution of the linear differential 
equation 7’ = A(é)- (7,z) which vanishes for = 0 is 7(&) = 0 (10.6.3), 
hence h(&) = 0 for |£| < 2, which proves the relation 


Dyo(E,2) + 54 = EU (om + €2,0(E.2)) * Sy 


for any s, EE, ie. Dyv(E,z) = £U(% + €2,v(6,z)). This holds for sl 2 
and ||z||< £/2M; in particular, for = 1, and putting x = x) +z, we 
obtain u'(x) = U(x,u(x)) for ||%* — x9||< 8/2M, which ends the proof. 


(10.9.5) Suppose U is continuously differentiable in A x B and verifies 
the Frobenius condition (10.9.4.1). Then, for each point (a,b) eA X B, there 
is an open ball SCA of center a and an open ball TC B of center b, having 
the following properties: 1° for any point (x,Vo) ES X T, there ts a unique 
solution x > u(%,%q, Vo) of (10.9.1), defined in S and such that u(%»,%9,Vo) = Vos 
2° u is continuously differentiable in S x S x T. If in addition U 1s p 
times continuously differentiable (resp. analytic if E and F are finite dimen- 
sional) in A X B, then u is p times continuously differentiable (resp. analyttc) 
inSxSxT. Finally, there is an open ball WCT of center b such that, 
for every point (x,xX9,Vo) ES X S X W, the equation yo = U(x%,x,y) has a 
unique solution y = U(X,%,Vo) tn T. 

Let S)cA be an open ball of center a and radius «, Ty C B an open 
ball of center 6 and radius £, such that ||U(x,y)|| << Min Sp x Tp. Consider 
the ordinary differential equation 


(10.9.5.1) w' = U(x» + 4,9 + w) +z = f(,0,2,%,Vo)- 


As in the proof of (10.9.4) we see that there is a unique solution  >v(&,z,% 9,9) 
of that equation, defined for |f| < 2 and such that v(0,z,%9,¥9) = 0, provided 
|% — 4||<a/8,  ||z|| < inf (a/4,6/2M), ||vp — 5|/} << 8. Furthermore, 
(10.7.3) shows that v is continuously differentiable for these values of 
&,2,%q,Yq provided a and # have been taken such that the derivative of 
U is bounded in S) x Ty. Then (10.9.4) shows that 4(%,%9,V9) = 
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Yo + U(L,% — %,%q,Vo) is the unique solution of (10.9.1), defined in S: 
\|x —a||<a/8, taking the value yp for x= x9, hence (4%,x9,V9) > u(x, % Vo) 
is continuously differentiable in S x S x Ty. The proof that « is times 
continuously differentiable (resp. analytic) when U has the corresponding 
property, is done in the same way, using (10.7.4) (resp. (10.7.5)) instead of 
(10.7.3). Finally, the last statement of the theorem is proved by the same 
argument as part c) of (10.8.1). 


When E = K”, the Frobenius condition (10.9.4.1) of complete inte- 
grability is equivalent, for the system (10.9.3), to the relations 


r) rs) 
(10.9.6) og en) ee ayes eo VIIA e en ae) 


a] 


7) 
= Aap one conta) 4m By Ui- eee. aaeee ean) 


a : 
(where it must be remembered that By Hilt: we) elo atic leincmenon 


#(F; F) (a matrix if F is finite dimensional), and /;(%,,...,*,,7) an element 
of F). 


Chapter XI 


Elementary Spectral Theory 


The choice of the subject matter of this Chapter has been dictated by 
two considerations: 1° it is the first step in one of the main branches of 
modern Functional Analysis, the so-called “Spectral theory”; 2° it draws 
practically on every preceding Chapter for the formulation of its concepts 
and the proof of its theorems, and thus may convince the student that the 
“abstract’’ developments of these chapters were not purposeless generaliza- 
tions. 

General spectral theory, being closely linked to the general theory 
of integration, falls outside the scope of this book, and the reader will 
not find any results of that theory in this Chapter, with the exception of 
the proof of the existence of the spectrum (11.1.3) and a few elementary 
properties of the adjoint of an operator (11.5). We have concentrated 
on the theory of compact linear operators, which can again be considered 
as “‘slight’”’ perturbations of general operators, although in a sense quite 
different from the one which was prevalent in Chapter X; here what is 
considered as ‘“‘negligible”’ is what happens in finite dimensional subspaces, 
and the substance of the main theorem (11.3.3) on compact operators is 
that when we add such an operator to the identity, what we get is again 
a linear homeomorphism, provided it is restricted to a suitable subspace 
of finite codimension. Compact self-adjoint operators in Hilbert space 
have a special interest, not only because it is possible to have much more 
precise information on their spectrum than for general compact operators 
(11.5.7), but also because their general theory immediately applies to 
Fredholm integral equations with hermitian kernel (11.6), and in particular 
to the classical Sturm-Liouville problem, which we have chosen as a 
particularly beautiful illustration of the power of the methods of Functional 
Analysis (11.7). 

For more information on Spectral theory, and on its powerful applica- 
tions, the reader can look into Taylor [23], Dunford-Schwartz [13] and 
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Loomis [20]; we also strongly recommend Courant-Hilbert’s classic [11] 
for its delightful style and its wealth of information. 


1. Spectrum of a continuous operator 


Let E be a complex normed space; a linear mapping u of E into itself 
is often called an operator in E. The set Y(E; E) of continuous operators 
(which we will write simply ¥(E)) is a complex normed space (5.7); it 
is also a noncommutative algebra over ©, the “‘product’’ being the mapping 
(u,v) — uov, also written (u,v) > uv. The identity mapping of E is the 
unit element of Y(E), written 1. The mappings (u,v) > u + vand (u,v) — uov 
are continuous in L(E) X LE) (5.7.5). 

We say that a complex number €¢ is a regular value for a continuous 
operator u if « —€-1 has an inverse v, in Y(E) (i.e. is a linear homeo- 
morphism of E onto itself). The complex numbers ¢ which are not regular 
for u are called spectral values of u and the set of spectral values of u is 
called the spectrum S(u) of u. 

If € € C is such that the kernel of wu — €-1 is not reduced to 0, then ¢ 
is a spectral value of «; such spectral values are called ergenvalues of u; 
any vector x ~ 0 in the kernel of wu —¢-1, ie. such that u(x) = Cx, 1s 
called an eigenvector of u corresponding to the eigenvalue €; these eigen- 
vectors and 0 form a closed vector subspace of E, the kernel of wu — ¢- 1, 
also called the eigenspace of u corresponding to the eigenvalue ¢, and 
written E(¢) or E(¢;x). 

When E has finite dimension u, elementary linear algebra shows that 
any spectral value of an operator # is an eigenvalue of wu; the spectrum 
of u is a finite set of at most elements, which are the roots of the 
characteristic polynomial det(u —€-1) of u, of degree x. But if E is 
infinite dimensional, there may exist spectral values which ave not 


eigenvalues. 


(11.1.1) Example. Let E be a complex Hilbert space, (4,) a total 
orthonormal system in E (6.6.1). To each vector *=2,,¢,a, in E (with 
lix|/? =2,|¢,|2) we associate the vector u(x)=2,¢,4,,1; it is readily 
verified that # is linear and ||w(x)|] = ||x||, hence (5.5.1) # is continuous. 
Moreover u(E) is the subspace of E orthogonal to a,, hence u is not sur- 
jective, and this shows that ¢ = 0 is a spectral value of u; but a= 0 
implies x = 0, hence 0 is not an eigenvalue of wu. 
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(11.1.2) Suppose E is a complex Banach space, u a continuous operator 
in E. The set R,, of regular elements € € © for u ts open in © and the mapping 
C + (u — €-1)-1 of R, into L(E) ts analytic. 


Suppose €,é R,, and let vyj=(#—2," I, Vor any Ce 0) we may 
write, in #(E),u—C-l=u—l,-1—(€—fy) -1=(wu— Cy -1)(1 — (C — fo) a). 
But, by (8.3.2.1), for | — f5| < |jvq||-+, 1 — (€ — Coup has an inverse in 


£(E), equal to the sum of the absolutely convergent series 2 (€ — €)"v9; 


n=0 


hence, for these values of ¢, wu — €-] is invertible in #(E), and its inverse, 


equal to (1 — (€ — £y)v9)—1v9, can be written (4—¢-1)-' = 2 (¢— Cin ie 


n=0 
the series being absolutely convergent for | — f9| < ||v9||~1;_ which ends 
the proof. 


(11.1.3) Jf E ts a complex Banach space, the spectrum of any continuous 
operator uin E 1s a non-empty compact subset of © contained in the ball 
Io] < ||]. 


First observe that for € 40, w— €-1 = — C(1 — C—1w), and therefore 
wu — {+1 is invertible in P(E) for |¢| > ||#||, by (8.3.2.1). Furthermore, for 
[C| > || , («—¢-1)-1= — 2 6-*—14", where the series is absolutely 

n=0 
convergent, and ||(# — €-1)-4||< 2 |é|—-*—*||e||* = (|C| — ||u||)-4; as soon 
n=0 


as |¢| > 2||x||, we have therefore ||(w — €-1)—|| < ||u||—1. Now, if we had 
R, = ©, (« — ¢- 1)~! would be an entire function (9.9.6), bounded in € since 
it is bounded in the compact set |¢| < 2||«|| and bounded in its complement ; 
by Liouville’s theorem (9.11.1) (# — €-1)-1! would be a constant, hence 
also its inverse « — €-1, which is absurd. The first part of the proof shows 
in addition that (% — ¢-1)~1 exists and is analytic for |¢| > ||||, therefore 
the spectrum of u, which is closed in ©, is compact and contained in the 
ball |¢| < || 

It is possible to give examples of operators for which the spectrum is an 
arbitrary compact subset of € (see problem 3). 


PROBLEMS 


1) Let E be a complex Banach space, u an element of #(E),S(u) its spectrum. 
a) Show that if a complex number ¢ is such that, for an integer p > 1, |£|P > ||w?||, 
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oo 
then ¢ is regular for w. (Use (11.1.3), and from the convergence of the series Y C7 "P%?, 


nx=0 
00 


conclude that the series 2 C7 "u” is also convergent.) 
n=0 


b) Show that the number p(u) = inf ||u”||!/" is equal to the radius of the smallest 
n 
disc of center 0 containing S(u), and furthermore that the sequence (\|"|[1/") has 
a limit equal to p(w). (Use a), problem 1 of section 9.1, and (9.9.4).) (For an example 
in which p(w) ~ ||u||, see section 11.4, problem 4.) 

2) Let u,v be two elements of ¥(E), where E is a complex Banach space. Show 
that, with the notations of problem 1, S(vu) = S(uv). (Observe that if f,g are two 
elements of #(E) such that 1 — fg is invertible, and # = (1 — fg)—}, then 1 + ght 
is the inverse of 1 — gf.) 

3) Let E be a separable complex Hilbert space, (e,,),> 1 an orthonormal basis of E. 
Let S be an arbitrary infinite compact subset of C, and let (p,) be a denumerable set 
of points of S, which is dense in S (3.10.9). Show that there is a unique element 
ue £(E) such that u(e,) = Pren for every 1 > 1; prove that the spectrum of x is 
equal to S, whereas the eigenvalues of u are the p,. If €€S, ¢ is not equal to any of 
the p,, and ve = u — (+1), show that v:(E) is dense in E but not equal to E (use 
(6.5.3) to prove the first statement). 

4) Show that the spectrum of the operator u defined in (11.1.1) is the disc |€] <1 
in C; «has no eigenvalue. If ve = u — €- 1, show that for |C| < 1, v¢(E) is not dense 
in E, but for |¢| = 1, v¢(E) is dense in E and distinct from E (cf. (6.5.3)). 

5) Let E be a complex Banach space, Ey) a dense subspace of E. Show that for 
any element u¢ Y(E,), the spectrum of u is the same as the spectrum of its unique 
continuous extension # to E (5.5.4). Give an example of an operator u¢ Y(E,) and 
of a spectral value € of u such that, if ve = uw — €- 1, v¢ is a bijective mapping of E, 
onto itself* (in problem 3, consider the subspace E, of E consisting of the (finite) 
linear combinations of the vectors e,). 


2. Compact operators 


Let E,F be two normed (real or complex) spaces; we say that a linear 
mapping # of E into F is compact if, for any bounded subset B of E, u(B) 
is relatively compact in F. An equivalent condition is that for any bounded 
sequence (%,) in E, there is a subsequence (%,,) such that the sequence 


(u(%,,,)) converges in F. Asa relatively compact set is bounded in F (3.17.1), 


it follows from (5.5.1) that a compact mapping is continuous. 


* Tt can be shown that this is impossible in a Banach space E, as any bijective 
continuous linear mapping of E onto itself is a homeomorphism. See [6] in the 


Bibliography. 


312 XI. ELEMENTARY SPECTRAL THEORY 


Examples. — (11.2.1) If E or F is finite dimensional, every continuous 
linear mapping of E into F is compact (by (5.5.1), (3.17.6), (3.20.16) and 
(37.9)): 


(11.2.2) IfE is an infinite dimensional normed space, the identity operator 
in E is not compact, by F. Riesz’s theorem (5.9.4). 


(11.2.3) Let I = [a,b] be a compact intervalin R, E = @¢(I) the Banach 
space of continuous complex-valued functions in I (7.2), (s,f) > K(s,t) a 


continuous complex-valued function in I x I. For any function /eE, 
b 
the mapping ¢ > f K(s,f)/(s)ds is continuous in I by (8.11.1); sdenene vhs 


function by Uf. Then the mapping / — U/ of E into itself is linear; we 
prove that it is compact. Indeed, if g = U/, we can write, for #el, te il, 


b 

(11.2.3.1) g(t) — g(to) = J (K(s,t) — K(s,49))/(s)4s. 

As K is uniformly continuous in I x I (3.16.5), for any ¢ > 0 there is a 
6 > 0 such that the relation |f — ¢)| <6 implies |K(s,t) — K(s,t)| < e for 
any séI; hence, for any / in E 


(iti 2.3.2) le) — elto)| < e(6 — a) ||/|| 


by the mean-value theorem. This shows that the image U(B) of any 
bounded set B in E is equicontinuous at every point ty of I (7.5); on the 
other hand, for any teéI, we have similarly |g(t)| <Al|f|| if |K(s,f)| <2 


in I x I. By Ascoli’s theorem (7.5.7), U(B) is relatively compact in E. 


(11.2.4) With the same notations and assumptions on K as in (11.2.3), let 
now F be the space of complex-valued regulated functions in I (7.6), which 
is again a Banach space, when considered as a subspace of the space 4g (1) ; 
Uf is then defined as in (11.2.3) for any / € F, and the inequality (11.2.3.2) 
still holds. The argument in (11.2.3) then proves that U is a compact 
mapping of F into E. 


(11.2.5) If u,v are two compact mappings of E into F, u+ vu ts compact. 


Let (x,) be a bounded sequence in E; by assumption, there is a sub- 
sequence (x,) of (x,) such that (#(x,)) converges in F. As the sequence 
(x,,) is bounded in E, there is a subsequence (x;’) of (x/) such that (v(x,/)) 
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converges in F. Then by (3.13.10) and (5.1.5), the sequence (u(x) + v(x)) 
converges in F, q.e.d. 


(11.2.6) Let E,F,E,,F, be normed spaces, f a continuous linear mapping 
of E, into E, g a continuous linear mapping of F into F\. Then, for any 
compact mapping u of E into F, u, = gouof is a compact mapping of E, into Fy. 


For if B, is bounded in E,, /(B,) is bounded in E by (5.5.1) a8, is 
relatively compact in F by assumption, and g(u(f(B,))) is relatively compact 
Lined ay (Srl 22). 

(11.2.7) If u is a compact mapping of E into F, the restriction of u to any 
vector subspace E, of E is a compact mapping of E, into u({E)). 

For by (11.2.6), that restriction is a compact mapping of Ey into: 

If B is a bounded subset of E, , u(B) is then a compact subset of F, and as 
u(B) Cc u(E,), u(B) is relatively compact in u(E,). 


Example. — (11.2.8) With the same notations and assumptions on the function 
Kasin oe 2.3), let now Gbe the prehilbert space defined by the scalar product 


= F108 g(t)dt on the set @,(1) (6.5.1); we write the norm Vai Ch = Wl 
to distinguish it from the norm |/f|| = sup (f(¢)|, and we still denote by E 
tel 


the space @,(I) with the norm ||/||; the identity mapping { — f of E into G 
is continuous, since ||/||,< Vo —a-||f|| by the mean value theorem; but 
it is not bicontinuous, nor is G a Banach space. The Cauchy-Schwarz 
inequality (6.2.1) is written here 


b b 


(11.2.8.1) Soe dt}? < < (J |f(e)|Pat) (f |g (2) Pade). 


a 


With the same notations as in (11.2.3), we therefore deduce from 
(11.2.3.1) and (11.2.8.1) that |¢,; — t,| < 6 implies 


(11.2.8.2) le(ts) — g(te)|<e Vb —a- |[fllp, 


and similarly |g(é) <kVb—a —a:||f||, for any ¢e1. Hence, by the same 
argument as in es 2.3), f + Uf is a compact mapping of G into E; and as 
the identity mapping of E into G is continuous, / — Uf is also a compact 
mapping of G into G by (11.2.6). 
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(11.2.9) Let E,F be two Banach spaces, E, (resp. Fo) 4 dense subspace of E 
(resp. F), u a compact mapping of Eq into Fo, u its unique continuous extension 
as a mapping of E into F (5.5.4). Then a(E) C Fo, and % 1s a compact 
mapping of E into Fo. 


It is immediate that any ball ||x|| <7 in E is contained in the closure 
of any ball of center 0 and radius > 7 in Ey (3.13.13), hence any bounded 
set in E is contained in the closure of a bounded set B in Ey. But a(B) 
is contained in the closure ix F of the set #(B) = u(B) by G.11.4): now, 
u(B) is relatively compact in Fy, i.e. its closure m a is compact, hence 
closed in F, and therefore equal to its closure im F. This shows that i(B) 
is contained in Fy and relatively compact in that space, Ceesae 


(11.2.10) Let E be a normed space, ¥ a Banach space, (u,,) a@ sequence of 
mappings in £(E; F) (5.7) which converges to win L(E; F). Then, if every U,, 
1s compact, u 1s compact. 


Let B be any bounded set in E; as F is complete, all we have to do 
is to prove that «(B) is precompact (3.17.5). Now B is contained in a ball 
||~|| <a; for any e > 0, there is m) such that n > ny implies ||u — u,,]|<e/2a, 
and therefore (by (5.7.4)), ||u(x) — u,()]| <¢/2 for any xe B. But as 
u,,(B) is precompact, it can be covered by finitely many balls of centers y; 
(1 <j <m) and radius ¢/2. For any x €B, there is therefore a7 such that 
\\u,,(%) — ¥;|| <e/2, hence |lw(x) — y,|| <e, and the balls of centers y, 
and radius « cover u(B), q.e.d. 

In particular, any limit in #(E; F) of a sequence of mappings of finite 
rank is compact by (11.2.1) and (11.2.10). Whether conversely any compact 
mapping is equal to such a limit is still an open problem. 


PROBLEMS 


1) Let E be a Banach space, A an open subset of E, F a finite dimensional vector 
space. Show that for any p> 1, the identity mapping f > / of the Banach space 
Qf (A) (section 8.12, problem 8) into gt Nea) (the latter being replaced by @p (A) 
for p = 1) is a compact operator. (Use the mean value theorem and Ascoli’s theorem.) 

2) Let u be a compact mapping of an infinite dimensional Banach space E into 


a normed space F. Show that there is in E a sequence (¥,) such that ||%,|| = 1 for 
every v, and lim u(x,) = 0. (Observe that there is a number « > 0 and a sequence 
—> 00 


(¥,) in E such that ||y,|| = 1 for every n, and ||v_ — ¥,|| 2 a for m ~ n (section 5.9, 
problem 3, and (3.16.1)), and consider the sequence (#(¥,)).) 
Conclude that if the image by u of the sphere S: ||#|| = 1 is closed in F, it contains 0. 
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3) Let E be a separable Hilbert space, (én) an orthonormal basis of E. If u is a 
compact mapping of E into a normed space F, show that the sequence (#(e,)) tends 
to 0. (Use contradiction, and show that it is impossible that the sequence (u(e,)) 
should have a limit b 4 0 in F.) If, conversely, F is a Banach space and the series of 
general term ||u(e,)||? is convergent, show that u is compact (use the Cauchy-Schwarz 
inequality to prove that the image of the ball ||*|| < 1 by w is precompact). 

4) Let F be a normed space having the following property: there exists a constant 
c¢ > 0 such that, for any finite subset (4i)1 <i<n Of F, and any ¢ > 0, there exists a 
decomposition E = M + N of E into a direct sum of two closed subspaces, such that M 
is finite dimensional, d(a;,M) <e for 1<i<n, and if for any +EF, v= p(x) + q(x), 
where p(v)€M and q(x) EN, then ||¢(x)||<c-d(x,M). Show that, under that 
assumption, any compact linear mapping of a normed space E into F is a limit in 
YL (E; F) of a sequence of linear mappings of finite rank (use the definition of pre- 
compact spaces). Show that any Hilbert space satisfies the preceding condition, 
as well as the spaces (c») (section 5.3, problem 5) and /? (section 5.7, problem 1). 

5) Let I = [a,b] be a compact interval in R, K(s,t) a complex valued function 
defined in I x I, and satisfying the assumptions of section 8.11, problem 4. Show 
that if U is defined as in (11.2.3), U is still a compact mapping of E = € (1) into 
itself. 


3. The theory of F. Riesz 


We will need repeatedly the following lemma: 


(11.3.1) Let u be a continuous operator in a normed space E, v = 1 — u, 
L,M two closed vector subspaces of E such that MCL, ML and v(L) EM. 
Then there is a point ae LMM such that ||a|| <1 and that, for any x € M, 
||se(@) — a(x) |] S> 1/2. 


By assumption, there is be L such that b¢M, hence d(b,M) = « > 0. 
Let y € M be such that ||b — y|| < 2a, and take a = (b — y)/||b — y||; we 
have ||a|| = 1, and, for any ze M, a — z = (b — y — ||b — y|lz)/|lb — yI|; 
but as y+ ||b—y||zeM, we have ||b — y —||b — y||z|| >a, hence 
ja — 2|| > 1/2 for any ze M. But, for x eM, we have ula) — u(x) = 
a — (x + v(a) — v(x)), and by assumption, x + v(a) — v(x) EM; hence 
our conclusion. 


(11.3.2) Let u be a compact operator in a normed space E, and let v=1—u. 
Then: 

a) the kernel v—1(0) is fintte dimensional; 

b) the tmage v(E) ts closed in E; 

c) v(E) has finite codimension in E; 

d) 7f v-1(0) = {0}, then v ts a linear homeomorphism of E onto v(E) 
(cia (i3-4)): 
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a) For any x €N = v~(0), we have u(x) = x, hence the image of the 
ball B: ||x|| <1 im N by w is B itself; by assumption “(B) is relatively 
compact in E, hence in N since N is closed in E. But this implies that N 
is finite dimensional by Riesz’s theorem (5.9.4). 


b) Suppose yev(E); there is then a sequence (%,) in E, such that 
y = lim v(x,) (3.13.13). Suppose first that the sequence (d(x,,N)) is 


unbounded; then, by extracting a subsequence, we may suppose that 
lined (4, cu ctr x,,|d(x,,N); it is immediate that d(z,,N) =I, 


and therefore there is ¢, € N such that ||z, — #,|| <2. Lets, =z, — #,, and 
observe that by definition we have v(s,) = v(2,) = v(x,)/d(x,,N), and 
d(s,,N) = 1. From the assumptions we deduce at once that lim v(s,) = 0. 


n+ ®D 
But the sequence (s,) is bounded in E; as u is compact, there is 
a subsequence (S,,) such that (u(s,.,)) converges to a point ac E. As 


lim (s,, — “(s,)) = 0, we also have lim s,, = a, hence, as « > d@(x,N) is 


nh—> 2 n> 
continuous, d(a,N) = 1. But v(a)= lm v(S,,) = 0, and this contradicts 
k—> 2 


the definition of N. 

We therefore can suppose that the sequence (d(x,,N)) is bounded by 
a number M — 1; there is then a sequence x, such that x, — x, @N and 
||;,|| <M; as v(x,) = o(x,), we may suppose that ||¥,|| <M. Then as 
is compact there is a subsequence (%n,) such that (“(%n,)) converges to a 
point bE E; as x, — U(X) = 0(%,,) tends to y, (%,,) tends to )+ y and 
by continuity we have v(b + y) = y, which proves that y €v(E), hence 
v(E) is closed. 

c) To say that v(E) has an infinite codimension in E means that there 
exists an infinite sequence (a,) of points of E such that a, does not 
belong to thesubspace V,,_ , generated by v(E) and by a,,...,4, _, for every 7. 
Now each V, is closed since v(E) is closed (using (5.9.2)). By (11.3.1) we 
can define by induction a sequence (b,) such that 6, EV, 0,¢ V,z—a [lOn|| <1 
and ||u(b,) — u(b;)|| > 1/2 for any 7<u—1. This implies that the 
sequence (u(b,)) has no cluster point, contradicting the assumption that u 
is compact. 

d) In order to prove that v is a homeomorphism of E onto v(E) when 
v1(0) = {0}, it is only necessary to show that for any closed set ACE, 
v(A) is closed in E (hence in v(E)) (3.11.4). But this is proved by exactly 
the same argument as in b), replacing throughout E by A (and N by {0}). 
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(11.3.3) Under the same assumptions as in (11.3.2), define inductively 
Oe toe NE) for f= 1, PF, = oE), F, =v(F,_,) for 
pelee Then: 

a) The N, form an increasing sequence of finite dimensional subspaces, 
the F, a decreasing sequence of finite codimensional closed subspaces. 

b) There ts a smallest integer n such that N,4, =N, for k >n; then 
Fy41= F, fork >n, E is the topological direct sum (5.4) of F, and N_,, and 
the restriction of v to F,, is a linear homeomorphism of F,, onto itself. 


n? 


a) Define by induction v, = v, v, = v,_0V; I claim that v, = 1— ,, 
where 1, is compact: this is shown by induction on , for V,=(1—u,_)o(1—u) = 
l—u,_,—u+4,_,0u, and the result follows at once from the inductive 
hypothesis and from (11.2.6) and (11.2.5). Then by definition N, = v; 1(0) 
and F, = v,(E), and our assertion follows from (ee 7), 

b) Suppose N,~N,., for every k. We have UN ee N, ior k= ie 
by (11.3.1), there would exist an infinite sequence (x,) of points of E such 
that %,EN,, %,¢N,_1, ||%|| <1 for &>1 and |le(x,) — u(x,)|| > 1/2 for 
any 7<. This implies that the sequence ((x,)) has no cluster point, 
contradicting the assumption that « is compact. 

Similarly, suppose F,,,4F, for every &. We have v(F,) CF, ,, for 
k > 1, by (11.3.1), there would exist an infinite sequence (x,) of points of E 
such that x, € F,, , €@ Fy41, ||¥,|| << 1 for k > 1, and ||u(x,) — u(x,)|| > 1/2 
forany7 > k. This again implies contradiction, hence there exists a smallest 
miteeer 7 suchithab FP...) 1, for k= m. 

Next we prove that N,N F, = {0}: if ye F,MN,, then there is xc E 
such that y = v,(x), and on the other hand v,(y) =0; but this implies 
that v,,(%) = 0, hence xEN,, =N,, and y= ,(x) = 0. 

By definition, we have F,,CF, and v(F,,) =F,,; let us prove that 
F,, = F,,. Otherwise, we would have m > n; let z be such that ze leemee SIRS. 
and z¢F,,; as u(z)eF,, = v(F,,), there is a ¢eF,, such that v(z) = v(t), 
ieee N CN but as 2 —7e F,,, we conclude that z=/, and our 


initial assumption has led to a contradiction. 

For each x €E we have v,(x) €F, = F,,, and as v,(F,) = F, by defini- 
tion of m, there is yeF, such that v,(x) =v,(y), hence x — yeN,, and 
therefore E= F, + N,. This last sum is direct since F,n N, = {0}; F, is 
closed and N,, is finite dimensional, therefore (5.9.3) E is the topological 
direct sum of F,, and N,,. Finally, the restriction of v to F,, is surjective and 
its kernel is F, NN, CF, NN, = {0}, hence it is also injective. By (11.3.2.d) 
that restriction is a linear homeomorphism of F,, onto itself, and this ends 


the proof. 
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(11.3.4) Under the same assumptions as in (11.3.2), if v is injective (i.e. 
v-1(0) = {0}), then v is surjective, hence a linear homeomorphism of E onto 
itself. 


For the assumptions imply that N, = {0} for every k, hence » = 1 
and N, is reduced to 0, therefore F, = E by (11.3.3) and the result follows 
from (11.3.3). 


PROBLEMS 


1) Let E,F be two Banach spaces, f a continuous linear mapping of E into F 
such that /(E) = F, and that* there exists a number m > 0 such that for any y € F, 
there is an x € E for which f(*) = y and ||*||< mlly]|. 

a) If (y,) is a sequence of points of F which converges to a point 6, show that 
there exists a subsequence (Yn) and a sequence (¥,) of points of E, which converges 


to a point a and is such that f(¥z) = Yip for every k. (Take (Yn,) such that the series 
of general term np 4 — Ynpll is convergent.) 


b) Let « be a compact mapping of E into F, and let v =f — u. Show that v(E) 
is closed in F and has finite codimension in F. (Follow the same pattern as in the 
proof of (11.3.2), using a).) 

c) Define inductively F, = v(E), Fri1 = v(f—1(F,)) for k >> 1; show that there 
is an integer n such that F411 = F, for k > m (same method). 

d) Take E = F to be a separable Hilbert space, and let (€n),>1 be an orthonormal 
basis of E, Define f and w such that f(en) =e,— 3 for n> 4, f(é,) = 0 for n< 3, 
u(en) = en —2/n for n > 6, u(e,) = ules) = 0, ules) = — ee u(e4) = &, U(e5) = ey + (23/5). 
Define inductively N, = v-1(0), Ngii= v7 Mf(Ng)) for k > 1; show that the Nz 
are all distinct and finite dimensional. 

2) Let E,F be two normed spaces, f a linear homeomorphism of E onto a closed 
subspace f{(E) of F, « a compact mapping of E into F, and let v = f— 4. 

a) Show that v—1(0) is finite dimensional and v(E) is closed in F; furthermore, 
if v-1(0) = {0}, v is a linear homeomorphism of E onto v(E). (Follow the same method 
as in (11.3.2).) 

b) Define inductively N, = v—1(0), Ngai = v7l(f(Ng)) for & > 1; show that 
there is an integer » such that Ng44 = Nz for k > xn. 

c) Give an example in which, when F, = v(E), and Fpi4 = v(f—l(F,)) for k > 1, 
the F, are all distinct (take for E = F a separable Hilbert space, and for f and u the 
adjoints (11.5) of the mappings noted f and w in problem 1 d)). 

3) Let E be a Banach space, g a continuous linear mapping of E into itself such 
that ||g|} < 1/2; then / = 1 — g is a linear homeomorphism of E onto itself (8.3.2.1). 
Let « be a compact operator in E, and let v = { — wu; then the statements in (11.3.2) 
and (11.3.3) are all valid. (First prove the following result, corresponding to (11.3.1): 


* It can be shown that this condition is a consequence of the property /(E) = F, 
when E and F are Banach spaces. See [6] in the Bibliography. 
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if MCL, M # L and v(L) CM, there is an ae Ln €M such that ||a|| << 1 and for any 
*€M such that ||+|| <1, ||w(a) — u(x)|| > (1 — 2IIe||)/2.) 

4) In the space E = /? (section 5.7, problem 1; we keep the notations of that 
problem), let / be the automorphism of E such that f(e9,) = eo +2 (2 & 0), f(e,) = e, 
f(€ok +1) = €2x 1 for k > 1, and let u be the compact mapping such that ul(en) = 0 
for x # 1, and u(e,) = eg. If v = f — u, and the F, and N, are defined as in (11.3.3), 
show that Nz,i1 4 N, and F, 44 4 Fy, for every &. 


4. Spectrum of a compact operator 


(11.4.1) Let u be a compact operator in a complex normed space E. Then: 

a) The spectrum S of u is an at most denumerable compact subset of C, 
each point of which, with the possible exception of 0, 1s isolated; 0 belongs to S 
if E is infinite dimensional. 

b) Each number 4 0 in the spectrum is an eigenvalue of u. 

c) For each h #0 in S, there is a unique decomposition of E into a 
topological direct sum of two subspaces F(A), N(A) (also written F(A;u), 
N(A;u)) such that: 

(i) F(A) ts closed, N(A) ts finite dimensional; 

(ii) #(F(A)) C F(A), and the restriction of u— 2-1 to F(A) is a linear 
homeomorphism of that space onto ttself; 

(iii) w(N(A)) C N(A) and there ts a smallest integer k =k(A), called the 
order of A(also written k(A; u)), such that the restriction to N(A) of («— A-1)*is 0. 

d) The eigenspace E(A) of « corresponding to the eigenvalue 270 is 
contained in N(A) (hence finite dimensional). 

e) If A,u are two different points of S, distinct from 0, then N(u) € F(A). 

f) lf E vs a Banach space, the function € — (u — €-1)—1, which ts defined 
and analytic in © — S, has a pole of order k() at each point AAO of S. 


Let 4 4 0 be any complex number; as A~1 is compact, we can apply 
the Riesz theory (11.3). By (11.3.4), if A is not an eigenvalue of u, 1 — A~1u 
is a linear homeomorphism of E onto itself, and the same is true of course 
of u—A-1=—A(1— Aw), ie. A is regular for «, which proves b). 
Suppose on the contrary 4 is an eigenvalue of «; then the existence of 
the decomposition F(A) + N(A) of E with properties (i), (ii), (ii), follows 
from (11.3.3), as well as d) (E(A) is the kernel noted N, in (11.3.3)). To end 
the proof of c), we need only show the uniqueness of F(A) and N(A). Suppose 
there is a second decomposition E = F’ + N’ having the same properties, 
ane wultcno— ~—oA ls [hen any %e N ‘can be wiitten 7% — yz 
where y € F(A), z € N(A);_ by assumption there is h > 0 such that v"(x) = 0, 
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hence v"(y) =0; as the restriction to F(A) of v’ is a homeomorphism by 
assumption, y = 0 and x € N(A). This proves that N’c N(A), and a similar 
argument proves N(A) CN’. Next, if¥ = y + #€ F’ with y € F(A), ze N(A), 
we have v*(x) = v*(y), hence v'(F’) © F(a); but as o(F’) = F’, this implies 
F’ c F(A), and the inclusion F(A) C F” is proved similarly. 

Denote by ,,% the restrictions of # to F(A) and N(A) respectively. 
From the relation (w, — 4- 1)* = 0, it follows by linear algebra that there 
is a basis of N(A) such that the matrix of #, — A-1 with respect to that 
basis is triangular with diagonal 0; if d = dim (N(A)), the determinant of 

—¢-1 is therefore equal to (A — c)*, and this proves that u,—¢-1 
is ean if ¢4 4. Let us prove on the other hand that #, — ¢- 1 is 
invertible for ¢ — Asmall enough: we can write w, — ¢-l=v, + (A— a) 
with v, = u,—A-1. We know by c) that v, is invertible; by ae we 
therefore have ||v; *(x)|| < ||vy "|| - ||#]| in F(A), which can also be written 
Nersil|| are || 1] ae eu les Now iG 0 andi 6 Vis not 
invertible, this implies, by b) (applied to F(A) and m, using (11 nee) 
that there would exist an «0 in F(A) such that u(x) = ¢x, hence 
\¢ — A} ||x|| = ||v,(*)|| 2 e- ||x||, which is impossible if | — Aaron ints 
shows that for € 40, €#A and | — A| <<, w — €- 1 is invertible (since 
its restrictions to F(A) and N(A) are), ie. € is not in S; therefore all 
points 20 in S are isolated, and 5 is at most denumerable. By b), 
for each 20 in S, there is x #0 in E such that #(x) = Ax, hence 
Ele Weel << lial , which proves S is compact. 
To end the proof of a), suppose Ei is infinite incre if w were a homeo- 
morphism of E onto itself, the image u(B) of the ball B: ||x|| < 1 would 
be a neighborhood of 0 in E, and as it is relatively compact in E, this 
violates Riesz’s theorem (5.9.4). 

If « is a point of S distinct from 0 and A, and x € N(u), we can write 
x= %4+2 with yeF(A), ze N(A). We have seen above that the restric- 
tion of w = 4 — w-1 to N(A) is a homeomorphism; as w"(x) = 0 for A 
large enough, and w"(y) € F(A), w"(z) e N(A), we must have w"(y) = w*(z) = 0, 
which proves statement e). 

If E is a Banach space, the analyticity of (# —€-1)7~) in C—5 
follows from (11.1.2). With the same notations as above, A is not in the 
spectrum of w,, hence (by (11.2.7)) (w#, — ¢-1)71 is analytic in a neigh- 
borhood of o . particular, there are numbers p > 0 and M > 0 such that 
(ee = ¢- 1)-4()|| = M- [|x| for xe RQ) and | A/ = p On thelotner 
ee ee 1=(A—¢)-1+», with v», = uw, — A-1, and 
we know that for € #A, uw, — €-1 is invertible; moreover, we can write 


4. SPECTRUM OF A COMPACT OPERATOR 321 


k 

(11.4.1.1) (iy Eo a ies 
h=1 

since vs = 0. From this it ie that there is a number M’> 0 such 
that |f — Aj*- |(t. —-1)-Xx)|| < M’||x|| for | —Al<p, CA and 
for any x€ uae Now any x € E can be written x = y + z with ye F(A), 
zeN(A), and there is a constant a >0 such that ||y||<a|{x|| and ||z/|<a||x|| 
(5.9.3); therefore we see Ae for |C — Al <p, €4A and any xeE, 
we Baye \f — Al*||(% — C+ 1)-2(x)|| < a(Mp* + M’)|[x||. In other words 
| *. (uw — +1) yells Meee + M’) for €AA and |f— Al <p; by 
(9.15.2), this implies that 4 is a pole of order <& for (# — €- 1)? 
But by definition there is an x €N(A) such nee vs—*(x) 40, hence 
(¢ — Ay? *((u — €-1)-*(x)) is not bounded when ¢ ¥ A tends to 4, and this 
proves that / is a pole of order k, and ends the proof of (11.4.1). 


We say that the dimension of N(A) is the algebraic multiplicity of the 
eigenvalue A of u, the dimension of the eigenspace E(A) its geometric mul- 
iplicity; they are equal if and only if A(A) = 1; when E is a Banach 
space, this is equivalent to saying that A is a simple pole of (u — ¢-1)7? 


(11.4.2) Let E be a Banach space, Ey a dense subspace of E, u a compact 
operator in Eo, & its unique continuous extension to E. Then the spectra of 
u and % are the same, and for each eigenvalue A 0 of u, N(A,u) = N(A,H), 
E(/,u) = E(A,@) and k(A,u) = R(A,a). 


We know that # is compact and maps E into Ep, by (11.2.9); if A 40 
is an eigenvalue of #, any eigenvector x corresponding to 4 is such that 
x = A-lu(x) © Ep, hence / is an eigenvalue of uw, and E(A,#) C E(A,m); the 
converse being obvious, we have S(#) = S(u) and E(d,u) = E(A,#) c Ey 
for each eigenvalue 4 4 0. Considering similarly the kernels of (« — A: Ie 
and of its extension (# —A-1)* we see that they are equal, hence 
h(A,u) = k(A,a#) and N(A,u) = N(A,@) C Ep. 


PROBLEMS 


1) Let E be a complex Banach space, u a compact operator in E; we keep the 
notations of (11.4.1), and in addition, we write py (or pay) and q, = 1 — pg the 
projections of E onto N(A) and F(A) in the decomposition of E as direct sum F(A) + N(A). 

a) Show that — f, is the residue of the meromorphic function (4 — ¢- 1)~! at 
the pole A, for every 4 € S(u) such that 4 + 0. 

b) If A,,...,4, are distinct points of the spectrum S(u), show that the projec- 


tions Pi, (l<j7 <1) commute, and that pj, + .-. + pa, is the projection of E onto 
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N(A,) + ... + N(A,) in the decomposition of E as direct sum of that subspace and of 
F(A,) A F(Ag) MN ... A F(A,). 

2) Let E be an infinite dimensional complex Banach space, u a compact operator 
in E, (t#,)n> 1a sequence of compact operators in E, which converges to u in the Banach 
space F(E). 

a) Prove that for any bounded subset B of E, the union [J w,(B) is relatively 


n 
compact in E. (Show that it is precompact.) 

b) If Ae € does not belong to S(u), show that there is an open disc D of center A 
and an integer my such that, for 2 > mg, the intersection S(u,) M D = © (use (8.3.2.1)) 
and (u, — €-1)~! converges uniformly to (u — €- 1)~* for €eD. 

c) Let (4) be a sequence of complex numbers such that py € S(u,) for every 7; 
such a sequence is always bounded. If Aisa cluster point of (,), show that A © S(u). 
(One can assume that A= lim ye, 0; there is then x, €E such that \|¥|| = 1 


n> 0 
and u,(%,) = Ay%n; use then a).) 
d) Conversely, let 4 4 0 be in S(w). Show that for each ” there is (at least) a 


number py, € S(v,) such that A= lim py. (Otherwise, one can assume that there 
n> 


is an open disc D of center A and radius 7, such that DA S(u) = {A} and Dn S(u,) = © 

(extract from (u,) a suitable subsequence). Let then y be the road f>A + vert 

defined in [0,27]; consider the integral ilies — €-1)7'(€ — A)—1dé = 0, and use b) 
y 

to obtain a contradiction.) 

e) Let A 4 0 be in S(u), and let D be an open disc of center A and radius 7 such 
that Dm S(u) = {A}; there exists my) such that, for 1 = m, the intersection of S(u,) 
and of the circle | — 4| = visempty (use c)). Let py,...,, be the points of DN S(uy), 

ta 
and write k, = 2 k(pjiu,). Show that there exists , such that, for 2m, 
j=l 
ky => k(A;u). (Use the same method as in d), multiplying (u, — ¢€-1)—1 by a suitable 
polynomial in ¢ of degree k,.) Give an example in which k, > A(A;u) for every x. 
r 
f) With the notations of e), let p= pay, Po = 2 Puijstty show that lim py, = p 


=l n—> oO 
in the Banach space #(E) (use b), and problem 1). Deduce from that result that 
there exists ”, such that, for m > my, Ny, = N(tysu,) + ... + N(u,;u,) is a supplement 
to F(A;u) in E. (Suppose is such that ||p — p,|{< 1/2; if there was a point 
#, € F(A) NN, such that ||x,,|| = 1, then the relations p(z,) = 0, p,(%,) = 7%, would 
contradict the preceding inequality. Prove similarly that the intersection of N(A;u) 
and of the subspace F(se,;u,) MN... M F(pt,;u,) is reduced to 0.) 


3) Let u be a compact operator in an infinite dimensional complex Banach space E, 
and let P(2) be a polynomial without constant term; put v = P(u). Show that the 
spectrum S(v) is identical to the set of numbers P(A), where Ae S(u); furthermore, 
for every 4 € S(v), N(w;v) is the (direct) sum of the subspaces N(A,z;u) such that 
P(Ay) = pw, and F(u;v) the intersection of the corresponding subspaces F(A;;u). (Let 
V be any closed subspace of E, such that w(V) CV, and let uy be the restriction 
of u to V. Show that there is a constant M independent of V and , such that 
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[|(P(x,,))*]| < M"||u% ||. Apply that remark and problem 1 of section 11.1, taking 


foc V a suitable intersection of a finite number of subspaces of the form F(A;u).) 

4) Let E be a separable Hilbert space, (€n)n 9 an orthonormal basis of E. Show 
that the operator « defined by u(e,) = én 41/(% + 1) for » > 0 is compact and that 
S(u) is reduced to 0 (more precisely, u has no eigenvalue). 

5) Let « be a continuous operator in a complex Banach space E. A Riesz point 
for u is a point A in the spectrum S(u) such that: 1° 4 is isolated in S(u); 2° E is the 
direct sum of a closed subspace F(A) and of a finite dimensional subspace N(A) such 
that u(F(A)) C F(A), u(N(A)) C N(A), the restriction of « — A-1 to F(A) is a linear 
homeomorphism and the restriction of wu — 4-1 to N(A) is nilpotent. 

a) If A and yu are two distinct Riesz points in S(u), show that N(w) C F(A), and 
F(A) is the direct sum of N(u) and F(A) n F(y). 

b) A Riesz operator u is defined as a continuous operator such that ail points ~ 0 
in the spectrum S(u) are Riesz points. For any ¢ > 0, the set of points A € S(u) such 
that |A| > e is then a finite set {u,,...,u,}; let p; be the projection of E onto N(x;) 
in the decomposition of E into the direct sum N(;) + F(u;) (l<i<7), and let 


if 
v=u— 2 up; Show that S(v) is contained in the disc |¢] < e, hence (section 11.1, 
all 
problem 1) that lim |lo"|["< e, 
u—> D 


c) In the Banach space Y(E), let HX be the closed (11.2.10) subspace of all compact 
operators. Show that, in order that «¢ Y(E) be a Riesz operator, it is necessary and 
sufficient that lim (d(u", #))/" — 0. (To prove that the condition is necessary, 


n—> © 
use b), observing that u% = v™ + w,, where w, is an operator of finite rank, hence 
compact. To prove that the condition is sufficient, use the result of problem 3 of 
section 11.3, which can be interpreted in the following way: if ||g||< 1/2, then either 
A = 1 does not belong to S(g + u) or is a Riesz point for g + wu.) 


5. Compact operators in Hilbert spaces 


Let E be a prehilbert space, u an operator in E. We say # has an adjoint 
if there exists an operator w* in E such that 


(11.5.1) (u(x)|y) = (x|u*(y)) 


for any pair of points x,y in E. It is immediate that the adjoint #* is unique 
(when it exists), and (by (6.1.(V))) that then (u*)* exists and is equal to #. 
It is similarly verified that when the operators u and v have adjoints, then 
u -+ v, Aw and wv have adjoints respectively equal to u* + v*, Au* and v*u*. 


(11.5.2) Jf u ts continuous and has an adjoint, then u* ts continuous and 
|\ae*|| = ||u|| im L(E). If E is a Hilbert space, every continuous operator in 
E has an adjoint. 
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From (11.5.1) and the Cauchy-Schwarz inequality (6.2.4) we deduce 
(alee (y)) | < |e) |] + Lol < [eel [el Hol 


for any pair x,y; taking x = u*(y), we get [|ee*(y) || < | |x|] - |||] for any 
y €E, which proves the continuity of u* and the inequality ||#*|| < |||; 
the converse inequality is proved by interchanging and #* in the argument. 


If E is a Hilbert space and w is continuous, then, for any y € E, the linear 
form x > (u(x)ly) is continuous, and by (6.3.2) there exists a unique 
vector “*(y) such that (11.5.1) holds. From the uniqueness of u*(y), we 
conclude that «* is linear, hence the adjoint of u. The second statement 
of (11.5.2) does not extend to prehilbert spaces. 


An operator u in a prehilbert space E is called sel/-adjoint (or hermitian) 


if it has an adjoint and if w* = w; the mapping (x,y) —> (#(x)|y) = (u(y) |x) 
is then a hermitian form on E; the self-adjoint operator is called positive 
(resp. nondegenerate) if the corresponding hermitian form is positive (resp. 
nondegenerate); one writes then «20. For any operator # having an 
adjoint, «+ «* and i(u — w*) are self-adjoint operators. Tigges: the 
orthogonal projection of E on a complete vector subspace F (6:3) then 
(Px|y — Py) =0 for «EE, yeE, hence Pea) = eee) == U2 1Po)), 
which proves that P is a positive hermitian operator. 


(11.5.3) If a continuous operator u in a prehilbert space E has an adjoint, 
then uu and uu* are self-adjoint positive operators, and ||u*u|| = ||uu*|| = 
||ee||2 = ||w*||?. In particular, if u is self-adjoint, |2e?|] = ||e||?. 


The fact that u*u and uu* are self-adjoint follows from the relations 
(u*)* = u and (wv)* = v*u*; moreover (u*u(x)|x) = (u(x)|\u(x)) > 0 for 
any x €E, and it is proved similarly that u#* is positive. Further this last 
relation shows that ||z(x)||?< ||w*u(x)||- ||x|| by Cauchy-Schwarz, hence 
(by (5.7.4)) |)2||2< ||z*z|]. On the other hand ||u*z|| < ||u*|| - ||2|| = ||2]|? 
by (5.7.5) and (11.5.2), and this concludes the proof. 


(11.5.4) If E is a Hilbert space, the adjoint of any compact operator uin E 
is a compact operator. 


As E is complete, it will be enough to prove that the image u*(B) of 


the ball B: ||y|| <1, is precompact. Let F = u(B), which is a compact 
subspace of E, and consider, in the space @,(F) (7.2) the set H of the 
restrictions to F of the linear continuous mappings x -» (x|y) of E into C, 
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where y EB; we prove that H is relatively compact in @ (Ff). Indeed, we 
have |(x — x’|y)| < ||x — x’|| by the Cauchy-Schwarz inequality, since 
l|y|| <1, which shows that H is equicontinuous; on the other hand F is 
contained in the ball ||x|| < ||z||, hence |(x|y)| < ||x|| for any yeB and 
any x€F; Ascoli’s theorem (7.5.7) then proves our contention. Therefore, for 
any ¢ > 0, there exist a finite number of points y; (1<j<m) in B such that 
for any yeB, there is an index 7 such that |(ee(x) |v — y;)|<e for any xeB. 
But by (11.5.1) this last inequality is written |(x|*(y) — u*(y.))| <e, and 
either w*(y) = w*(y,) or we can take x =z/||z||, where z = v*(y) — u*(y.) ; 
we therefore conclude that ||«*(y) — u*(y,)|| <<, and this ends the proof. 

Note that the proof that “*(B) is precompact still holds when E is not 
complete; but it can happen that in a prehilbert space E, a compact 


operator has an adjoint which is not compact. 


(11.5.5) Let u be a compact operator in a complex prehilbert space E, having 
an adjoint u* which is compact. Then: 


a) The spectrum S(u*) is the image of S(u) by the mapping & — &. 

b) For each AA 0 in S(u), k(A;u) = R(A;u*). 

c) If v=u—A-1, then v*(E) ts the orthogonal supplement (6.3) of 
v-(0) = E(A;u), and the dimensions of the eigenspaces E(A;u) and E(A;u*) 
ave equal. 

d) The subspace F(A;u*) is the orthogonal supplement of N(A;u), and the 
dimensions of N(A;u) and N(A;u*) are equal. 


We have v* = u* — 2-1, hence (v(x)|y) = (x|v*(y)) from (11.5.1), and 
therefore the relation v(x) = 0 implies that x is orthogonal to the subspace 
v*(E). Now by (11.4.1) applied to u*, v*(E) is the topological direct sum 
of F(A;u*) and of the subspace v*(N(A;u*)) of N(Z;u*), and from linear 
algebra it follows that the codimension of v*(E) is equal to the dimension of 
v*-1(0) = E(A;u*); hence we have dim E(A;u) < dim E(Z;u*). But 
u = (u*)*, hence we have dim E(A;u~) = dim E(Z;u*); furthermore, the 
orthogonal supplement of E(A;u) contains v*(E) and has the same codimen- 
sion as v*(E), hence both are equal, which proves c). This also shows that 
for any eigenvalue 4 4 0 of w, A is an eigenvalue of u*, and as the converse 
follows from the relation “4 = (u*)*, we have also proved a). 

The same argument may be applied to the successive iterates v" of v, 
and shows that the image of E by v*" = (v")* is the orthogonal supplement 
of the kernel of v". Using (11.3.2), (11.4.1) and the relation « = (w*)*, this 
immediately proves b) and d). 
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Theorems (11.4.1) and (11.5.5) can be translated into a criterion for the 
solutions of the equation u(x) — Ax = y: 


(11.5.6) Under the assumptions of (11.5.4): 

(i) If A is not in the spectrum of u, the equation u(x) — Ax = y has a 
unique solution in E for every yeE. 

(ii) If A ts im the spectrum of u, a necessary and sufficient condition for 
y EE to be such that the equation u(x) — Ax = y have a solution in E ts 
that y be orthogonal to the solutions of the equation HEA GO) = Ue = 10), 


For a finite dimensional space, this reduces to the classical criterion for 
existence of a solution of a system of scalar linear equations. 


(11.5.7) Let « be a compact self-adjoint operator in a complex Hilbert 
space E. Then: 

a) Every element of the spectrum S(u) is real and k(A) = 1 for every 
eigenvalue A 0 of u. 

b) If A,u are two distinct eigenvalues of u, the ergenspaces E(A) and E(u) 
are orthogonal. 

c) Let (u,) be the strictly decreasing (finite or infinite) sequence of eigenvalues 
> 0, (v,) the strictly increasing (finite or infinite) sequence of eigenvalues < 0. 
For each k such that ya, (resp. »,) 1s defined, let F, (resp. F,) be the orthogonal 
supplement of E(u.) +... + E(ug_3) (resp. E(>,) + ... + E(v,_3)); then 
bl, (Tesp. v,) is the largest (resp. smallest) value of the function x — (u(x) |x) 
on the sphere ||x\| = 1 in F, (resp. F,), and the points of that sphere where 
(u(x)|x) = yo, (resp. (w(x)|x) =») are the points which belong to E(te;) 
(resp. E(y,)). Furthermore, |\u|| = sup (4, — %)- 

d) The space E ts the Hilbert sum (6.4) of the subspaces E(u,), E(v,) and 
(Oe (0), 


(It may happen that either the y,, or the », are absent, but from c) it 
follows that the only case in which there are no eigenvalues # 0 is the 
case u = 0.) 

For any eigenvalue 440 of u, we have, for an eigenvector * cor- 
responding to A, (u(x)|x) = A(x|x), but (w(x)|x) = (x|a(x)) = (u(x)|x) is 
veal for any x € E, hence, as (x| x) isreal and =£0 Aisteal) liv = ae 
we therefore have v* = v, hence v(E) is the orthogonal supplement of 
E(A) = v—-1(0) by (11.5.4); this implies that the restriction of v to v(E) is 
injective, hence, by definition (see (11.3.3)) N(A) = E(A), F(A) = v(E) 
and therefore k(A) = 1. This proves statement a), and as E(u) = N(y) C F(A) 
for any eigenvalue u 4 A by (11.4.1), we also have proved b). 
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We first prove the last part of statement c). Let p = sup (4, — »,). 
Then by (11.1.2) the mapping ¢ — (# — ¢-1)-1 is analytic for ciao, 
whence it follows at once that the mapping € — (1 — &u)—! is analytic for 
|§| < l/p. Now, for é in a sufficiently small neighborhood of 0, the power 


ioe) 


series 2’ £"u” converges to (1 — Se) = ia eID) (Pe tohy (9.9.4) that 


n=0 
power series converges for Cveny 6 slen that lé| < 1/p. Furthermore, for 
each 7 such that 0<7< I/p, if M is the maximum of (1 — &u)-1]| for 
|| =7, the Cauchy inequalities (9.9.5) yield ||2"||< M/r*< Mp”. In 
particular, if we use (11.5.3), we get here ||e}|2” < Mp2” for every 2 > 1; 
taking 2*-th roots and letting » tend to -+ co, we get, by (4.3), 
On the other hand we have p < ||u|| by (11.1.3), hence {|2e|| = p. 

Let us now write (p,) for the strictly decreasing sequence of the absolute 
values of the eigenvalues of u, so that Pi sup i —,) and let Gr 
be equal to the sum of the E(A) such that |A| = p, (there are of course either 
only one or two such eigenvalues 4). Next let F’, be the orthogonal sup- 
plement ot Gr. -L Gia we have u(F,)CF, by a), and we prove 
that the restriction u, of « to F, is such that ||ee,1| <p, 3. Otherwise, by 
what has just been seen above (and by (11.2.7)) there would be in F, an 
eigenvector x such that u(x) = Ax with |A| = p, 1, which contradicts the 
definition of F,. Write now x = y +z for every xeF,, with yeF,,, 
and zeG,; we have, by Cauchy-Schwarz, 


ell < p. 


~ Tete aall II Tl? + (e4(2) 2) < (0¢(2) |) < |loen gall > [Lol]? + (eC@)|2). 


Suppose p, = “, = — »,, and write therefore z = 2 +2, with z,E€E(n,) 
and 2z,€E(»); this yields  (u(z)|z) = p,(||z,|]? — ||z9||?). As Wale 
|v ||? + |lz.|]? + |[zel]2, we see at once, using the preceding inequality and 
the inequality ||, ,,||<p,, that on the sphere ||x|| 1 in F,, the largest 
value of (u(x)|x) is p, and is reached at the points of E(u) only, and the 


smallest value is — p,, and is reached at the points of E(»,) only. The results 
are similar and simpler if either there is no & such that p, = — v,, Or no h 
such that p, = ,. Finally, if we remark that F, =F, -+ E(y,) +... + E(»,) 
if 4, = p, and s is the largest value of & such that p, < — », and similarly 
F, = F, + E(u) +... + E(u,) if » = — p, andr is the largest value 
of A such that p, < w,, an almost identical argument ends the proof of €). 

Let now F,, be the closed subspace, intersection of all the F,; by 
definition, u(F,) C F,,, and there can be o eigenvalue ~ 0 of the restric- 


tion of wu to F,,; by c) this implies that u(x) = 0 in F,. Furthermore, if 
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a vector x € E is orthogonal to F,, and to all the E(u) and E(»,), by defini- 
tion it is orthogonal to all the G,,, hence belongs to F ,, and being orthogonal 
to F,, it is 0. This proves (by (6.3.1)) that the algebraic sum of the sub- 
spaces E(u,), E(v,) and F,, is dense in E; hence, by (6.4.2), E is the Hilbert 
sum of those spaces. Any xeE can therefore be written uniquely 
ex, De, hg Where %, xi and xy are the orthogonal projec- 
tions of x on E(y,), E(v,) and F,, respectively, the sums being convergent 
series in E when the sets of indices are infinite (canonical decomposition of x); 
we conclude that u(x) = D,u,%, + 2,%,%,, and by the uniqueness of that 
expression, we see that u(x) =0 implies x¢F,, ; in other words, F,,= u—*(0), 
which ends the proof of (11.5.7). 


Remarks. — (11.5.8) Let E, be a prehilbert space which is a dense sub- 
space of a Hilbert space E (it can be proved that for any prehilbert space Ey 
there is a Hilbert space E having that property; we have proved in (6.6.2) 
the special case of that theorem in which E, is separable). Let “ be a 
compact self-adjoint operator in Ey; then the results a), b) and c) of theorem 
(11.5.7) hold without change for u. For it follows from the principle of 
extension of identities that the unique continuous extension % of w to E 
is self-adjoint, and it is readily verified that |e = |u|]; our assertion 
then follows from (11.4.2) and from the following remark: if Fy is a finite 
dimensional subspace of Ey, Gy its orthogonal supplement in Enemies 
orthogonal supplement in E, then Gg is dense in G; this is a consequence 
of the fact that if v = 1 — Py, in #(E) (notations of (6.3)), v is continuous 
and v(E) = G, v(E,) = Gp (see (3.11.3)). With respect to the part d) of 
(11.5.7), it is clear that the kernel of is the intersection of E, with the 
kernel of %, hence is the subspace of vectors of E, orthogonal to all eigen- 
spaces E(A) with A340. But if we consider the canonical decomposition 
a = Zyx, + Dx), + x») of an element x € Ey, the sums on the right-hand 
side and the element x, do not necessarily belong to Eo. 


(11.5.9) Ifx = 2Zyx, + Dyx4 + Xo, y= Le + 2e¥n + Yo are the canon- 
ical decompositions of two vectors x,y of E, then 


(u(x) [y) = Zeal) is Loads |e) 


the series on the right-hand side being absolutely convergent (6.4). This 
formula at once shows that the self-adjoint operator u is positive if and 
only if there are no negative eigenvalues v,, and that it is nondegenerate if 
and only if «-1(0) = {0}. If w is nondegenerate, and if in each eigenspace 
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E(A) (A 4 0), we take an orthonormal basis B, (consisting of a finite number 
of vectors), then the union of the B, is a denumerable set which constitutes 
a total orthonormal system in E (6.5). 


(11.5.10) Under the assumptions of (11.5.8), it should be observed that 
it is quite possible that the self-adjoint compact operator uw in Ep, is non- 
degenerate, whereas its continuous extension @ to E is degenerate (in other 
words, the kernel of u is not necessarily dense in the kernel of a); this may 
happen even if u is a positive self-adjoint operator. 

For compact self-adjoint operators in a Hilbert space E, (11.5.7) yields 
a formula for the solutions of the equation u(x) — Ax = y in E: 


(11.5.11) Let y = Liv, + 244 + Yq be the canonical decomposition of y 
te hen. 


a) If Ais not in S(u), the unique solution x of the equation u(x) — Ax = y 
1s given by its canonical decomposition 


1 
(11.5.11.1) =a = os a a 


b) If A ts one of the eigenvalues ju, (resp. v,), then, in order that the equa- 
tron u(x) — Ax = y have a solution, it is necessary and sufficient that y, = 0 
(resp. y, = 0). The solutions are then given by formula (11.5.11.1) in which 
the term corresponding to wu, (resp. v,) 1s replaced by an arbitrary element of 


E(i,) (resp. E(>4)). 


c) In order that the equation u(x) = y have a solution, it is necessary and 
sufficient that yo = 0 and that the series X,1]uz\|y,||? and 2,1/r%||44'|[? 
be convergent; the solutions are then given by 


(11.5.11.2) eae 


with xy arbitrary in u-\(0). 

Results a) and b) at once follow from (11.5.7) and (11.5.6), the formulae 
being obtained by using the uniqueness of the canonical decomposition. 
The same argument proves that if there are solutions to u(x) = y, they 
are necessarily given by (11.5.11.2), hence the necessity of the conditions; 
and if these conditions are satisfied, then the right-hand side of (11.5.11.2) 
is an element of E (by (6.4)) which satisfies u(x) = y. 
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PROBLEMS 


1) Let E be the vector space of all indefinitely differentiable complex valued 
functions defined in the interval [0,1] of R (section 8.12); E is made into a prehilbert 
space by the hermitian form 


i 
(x|y) = J x(t)y(t)at. 


Let « be the linear mapping of E into itself such that u(x) = ix’. Show that 
u is self-adjoint, but is not continuous in E. (Consider the sequence (*,) where 
%y(t) = (sin nt)/n.) 

2) Let F be a separable Hilbert space, (én) (2 => 1) an orthonormal basis of F, 
v the compact operator in F such that v(é,) = (e, + e,)/n (section 11.2, problem 3). 
Let E = u(F), and let « be the restriction of v to E, which is such that #(E) c E. 
Show that in the prehilbert space E, u is a compact operator which has no adjoint. 

3) a) Let E be a complex Hilbert space, f a continuous hermitian form on E x E; 
show that there is a constant ¢ such that |f(*,y}| < e¢||s||- ||yl| (cf. (5.5.1)), and show 
that there exists a unique continuous hermitian operator U in E such that 
f(x,y) = (U4|y). 

b) Suppose E is separable, and let (€n)n2>1 be an orthonormal basis for E; let V 

ice) 
be the continuous linear operator in E defined by Ve, = 2 é,/n, Ve; = 0 fori > 1, 
a= iL 
and let W = VV*. Let Ey be the subspace of E consisting of the (finite) linear combina- 
tions of the e,, and let f be the restriction to Eg X Ep of the mapping (%,y) > (Wy). 
Show that f is a continuous hermitian form on Eg X Eg, but that there is no linear 
operator U im Ey such that f(*,y) = (Ux|y) in Ey X Ey. 

c) If « is the operator defined in problem 1, show that the hermitian form 
(x,y) > (u(x)|y) is not continuous in E x E. 

4) Let E be a complex Hilbert space, u a hermitian operator in E. Prove that # 
is necessarily continuous. (Assume the contrary, and show that it is possible to define 
by induction a sequence (x,) of points of E such that \|¥n|| = 1 for every n, and an 
orthonormal sequence (e,) such that: 1° x, is orthogonal to u(e,),...,#(én — FR ee wee Vy 
is the orthogonal projection of u(x,) on the subspace V, orthogonal to é,...,@,—1, 

(Il 
then ||y,|| = 28 and ||yq|| = 2n2 | (1e( Dy p/h?) |en)| 5 37%, — Vii l|Palle Lnemeconsider 
_ k=1 
the point x = ¥ x,/n? in E and obtain a contradiction by showing that \(u(x)|e,)| = 2 
n=1 
P 2 t Ky a 5 , B= 
for every ~; to do this, decompose x into #%, + a + #,, with x, a aus and 


io 0] 
wa 


4, = & x,/k®, and use throughout the identity (u(y)|z) = (y|u(z)) (‘method of 
k=n4+1 


the gliding hump’’).) Compare to problem 3 c). 

5) Let E be a complex prehilbert space; if U,V are two hermitian operators in E, 
we write U > V if the hermitian operator U — V is positive, ie. if (Ux|x) > (V2|x) 
for any xeE. 
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a) Suppose E is a Hilbert space, and there is a number m > 0 such that U a m-i. 
Show that U is a linear homeomorphism of E onto itself. (First remark that 
||U|| > m||x|| for any xe E, hence (problem 4) that U is a linear homeomorphism 
of E onto a closed subspace M of E; next observe that ifa point x € E is orthogonal 
to M, then x = 0.) 

b) Let F be the subspace of the prehilbert space E defined in problem 1, consisting 
of the restrictions to [0,1] of all polynomials with complex coefficients. Let U be the 
operator which associates to any polynomial x € F the polynomial (1 + 4)+(¢). Show 
that U is a continuous hermitian operator in F such that U > 1, but that U(F) is 
dense in F and distinct from F. 


6) a) If U is a positive hermitian operator in a complex prehilbert space E, show 
that, for any x EE, 


\|Ux||* < (Ux|x)(U2x|Ux) 


(consider the positive hermitian form (%,y) — (Ux|y) and use (6.2.1). 

b) Suppose in addition U is continuous (cf. problems 3 c) and 4). Deduce from a) 

that ||U|| = sup (Uz|x). 
Iz] <1 

7) Let F,G be two separable complex Hilbert spaces, (a,) (resp. (b,)) (2 >> 1) an 
orthonormal basis of F (resp. G), L the Hilbert sum (6.4) of F and G. Let v be the 
continuous operator in L defined by v(a,) = 0, v(by) = a,/n, and let E =v(G) + v*(v(G)). 
Let u be the restriction of v to E. Show that x is compact and has an adjoint, but 
that w* is not compact. (Observe that v(G) is dense in F but not closed in F; if (x,) 
is a bounded sequence of points of v(G) converging to a point in F, but not in v(G), 
show that the sequence (u*(x,)) converges to a point in L which is not in E, using 
the fact that the restriction of v* to F is injective.) 

8) The notations and assumptions are those of (11.5.7). Let (A,) be the decreasing 
sequence of numbers > 0 such that, for each &, the number of indices » such that 
An = Ue is equal to dim(E(u,)); let (a,) be an orthonormal system in E such that, 
for the indices » for which A, = pp, the a, constitute a basis of E(uz). We say that 
(A,) is the full sequence of strictly positive pas of u. 

a) Show that /, is the maximum value of (u(x)|x) when x varies in the subset of E 
defined by the relations ||7||— 1, (z|a,) = 0 ms 1<k<n — 1; furthermore, that 
maximum value is attained for x = a, (use (11.5.7,d)). 

b) Let Se 2,1 be arbitrary vectors in E, and denote by p,(4,,...,%,—1) the 
lu.b. of (u(%)|¥) when » varies in the subset of E defined by the relations ||*|| = 1, 
ea = ; ae ee ow that (ap Opt) Oe ee) ee 

“maximinimal principle’; take x in the subspace generated by a,,...,a, and verifying 
the relations (x|z,) = 0 for l< An — 1). 

c) Let u’,u’ be two compact self-adjoint operators, and suppose u = u’ + u”; 

let (Ap), (Ap ) be the full sequences of strictly positive eigenvalues of u’ and wu” 


respectively, (a;) and (ap ) the corresponding cseamgy Siecy systems. Show that if Ap, Ag and 
Ap +q—1 are defined, then 4p4,-1< <A, + aq (consider pu(ay,- : as 22, nna : as ile 
If the sequence Os) is finite and has N terms, and if Ip and 4, are defined, then 


Ap4n & = (same method, observing that (u’’(x)|%) < 0 if (x|a;) = O0forl<j7<N). 
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d) Under the same assumptions as in c), show that if dp and Ap are defined, then 
|Ap — Ap| < ||w’’|| (use the relation Ay = pulay+++.4—1)). Furthermore, if u’ > 0 
(resp. vu’ < 0), then Ap > hp (resp. Ap S Ap) (same method). a 

e) When E is finite dimensional, transcribe the results of b), c), d) for hermitian 
forms on E x E see problem 3). Apply to the following problem: lets js 
(1<i<n) be regulated functions in a compact interval I = [a,b], and let I’ = [e,d} 


o ioe 
be an interval contained in I; let 4 = det (Sfifjae), Al? = Glatt (Sfifjat) be the Gram 
a c 


determinants corresponding to I and I’; show that A’ < A, by expressing the Gram 
determinants as products of eigenvalues. 

9) a) Let u be a compact self-adjoint operator in a complex Hilbert space E. 
Let H be a closed subspace of E, and f the orthogonal projection of E onto H (6.3). 
Show that the restriction v to H of pou (or of pouep) is compact and self-adjoint and 
that (v(y)|y) = (u(y)|y) for »y ¢ H (use the relation p* = p). Let (Ay),(Mn) be the full 
sequences of strictly positive eigenvalues of wu and v respectively. Show that if A, 
and py» are defined, then wz, < 4, (use problem 8 b)). 

b) Suppose in addition w is positive. Show that for any finite sequence (*)1<k<n 
of points of E, det((u(x;)|*j)) < AyAg. .. An det ((¥i| 4) (apply a) to the subspace H 
generated by %,...,%n). 

10) a) Let u be a hermitian operator in a complex prehilbert space E. Show that 
for any integer n > 0, and any x E, |!u"(x)||? < ||w"~ 1(¥)]]- ||" +1(x)|| (use Cauchy- 
Schwarz). 

b) Suppose E is a Hilbert space, and u is a compact self-adjoint operator. If 
u(x) ~ 0, show that u”(x) 0 for any integer » > 0, and that the sequence of positive 
numbers a, = ||u”+1(x)||/||w"(*)|| is increasing and tends to a limit, which is equal 
to the absolute value of an eigenvalue of w. Characterize that eigenvalue in terms of 
the canonical decomposition of *; when does the sequence of vectors u(x) |||u"(+)|| 
have a limit in E? (Use (11.5.7).) 

11) Let uw be a compact self-adjoint operator in a complex Hilbert space E, and 
let f be a complex valued function defined and continuous in the spectrum S(u). 
Show that there is a unique continuous operator v such that (with the notations of 
(11.5.7)), the restriction of v to E(u,) (resp. E(v,),E(0)) is the homothetic mapping 


y — f(up)y (resp. vy > f(,)y, vy > 0). This operator is written f(w); one has (f(u))* = f(w). 
If g is a second function continuous in S(u), and h =f +g (resp. h = fg), then 
h(u) = f(u) + g(u) (resp. h(u) = f(u)g(u)). In order that f(u) be self-adjoint (resp. 
positive and self-adjoint), it is necessary and sufficient that {(¢) be real in 5(u) (resp. 
/() > 0 in S(w)); in order that f(u) be compact, it is necessary and sufficient that 
{(0) = 0. 

12) Let u be a compact positive hermitian operator in a complex Hilbert space E. 
Show that there exists a unique compact positive hermitian operator v in E such that 
v* = u; vis called the square root of u. 

13) Let E be a separable complex Hilbert space, (€,),>1 an orthonormal basis 
of E. Let u be the compact operator in E defined by u(e,) = 0, u(e,) = e, —1/” for 
n > 1. Show that there exists xo continuous operator vin E such that v? = u. (Observe 


first that H = u*(E) is a closed hyperplane orthogonal to e,, and that it is contained 
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in H’ = v*(E); as H’ is orthogonal to x, = v(e,), conclude that necessarily x, = 0; 
next consider % = v(é,), and observe that u(v(e,)) = 0, hence necessarily ¥, = Ae, 
where 4 is a scalar; but this implies x, = 0, hence u(e,) = 0, a contradiction.) 

14) Let E be a separable complex Hilbert space, (€x)n=0 an orthonormal basis, 
u the compact positive hermitian operator in E defined by u(e) = 0, U(e,) = ey/n 


ice] 
forn>1. The point a= 2 (e,/n) does not belong to u(E). Let E, be the dense 


n=1 

subspace of E which is the direct sum of #(E) and of the one-dimensional subspace 
C(é + 4). Show that the restriction v of u to E, is a compact positive hermitian 
operator which is nondegenerate, although its continuous extension v =u to E is 
degenerate; furthermore, in the canonical decomposition (11.5.8) of the vector 
éy + ae Ep, the summands do not all belong to Ep. 

15) a) Let U be a compact operator in a complex Hilbert space E, and denote by 
& and L the respective square roots (problem 12) of the compact positive hermitian 
operators U*U and UU* respectively. Show that there exists a unique continuous 


operator V in E, whose restriction to F = R(E) is an isometry onto U(E), whose 
restriction to the orthogonal supplement F’ to F is 0, and which is such that U = VR 
(observe that ||U#|| = ||Rx|| for each y€E). Prove that R = V*U = RV*V, and 
6 = WIR, 

b) Let (a,) the full sequence of strictly positive eigenvalues of R, and (a,) a cor- 
responding orthonormal system (problem 8). If b, = Vay, show that (d,) is an 


orthonormal system, and that, for any xe E, Ux = Ln(*|an)by, where the series 
n 


n 

on the right-hand side is convergent (if Ry» = 2 ap,(%/\az)az, show, using the proof 
i I 

of (11.5.7), that lim ||R — R,|| = 0, and apply a)). Deduce from that result that 


n> @D 
(a) is also the full sequence of strictly positive eigenvalues of L, and that (b,) is a 
corresponding orthonormal system. The sequence (a) is also called the full sequence 
of singular values of U. 

c) Let (u,) be the sequence of distinct eigenvalues ~ 0 of U, arranged in such an 
order that |u| > |t,+4| for every ” for which my 41 is defined; let d, be the dimension 
of N(uy), and let (A,) be a sequence such that A, = py, [Ay| > |An41| for every ” for 
which A, ;4 is defined, and for each & for which yz is defined, the indices for which 
An = /p form an interval of N having d, elements. Show that, for each index n such 


Wn n 
that 4, and a, are defined, IZ |A;|] << JZ a;. (Let V be the (direct) sum of the subspaces 


oS +1—1 
N(u,) for |< k<y, and let Uy be the restriction of U to V; show that there is 
in V an orthonormal basis (¢;)1 <j<m such that (U(e;)|e,) = 0 for k > 7; for n< m, 
if W,, is the subspace of V having é,,...,€, as a basis, let U, be the restriction of U 


n 
to W,, and let P, be the orthogonal projection of E on W,. Show that JI |A,|® is 
j=l 


* 

equal to the determinant of U, U, = P,U*UP,, and apply problem 9 a).) 
d) Let T be an arbitrary continuous operator in E, and let (y,) (resp. (6,)) be the 
full sequence of singular values of UT (resp. TU). Show that y, < a,||T|| (resp. 
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On <K %p||T||) for all values of m for which a,,y, and 6, are defined (if S = TU, observe 
that S*S < ||T||?U*U and use problem 8 d)). 
e) Suppose T is also a compact operator, and let (8,) be the full sequence of its 


n n n 


singular values. Show that II yj; < ( H aj)( JT f;) for all values of m for which & Bn 
jail j=l jel 


and y, are defined (apply problem 9 b)). 


16) Let E be a complex Hilbert space, (a,) a sequence of points of E, (An) a 


sequence of real numbers. Show that if the series u(x) = LA,(#|@,)@, is convergent 
n 


in E for every x€E, u is a hermitian operator in E. The convergence condition is 
always satisfied if the series of general term An|!@n||2 is absolutely convergent. If in 
addition (a,) is an orthonormal system, the convergence condition is satisfied if the 
sequence (Aj) is bounded. When the A, are > 0 and the convergence condition is 
satisfied, # is a positive hermitian operator. 


17) Let E be an infinite dimensional complex Hilbert space. For a posttfive her- 
mitian operator T in E, the following conditions are equivalent: 1° T(E) is dense 
in E; 2° T—1(0) = {0}; 3° (Tx|x) > 0 for any x #0 (use the Cauchy-Schwarz 
inequality applied to (T*|y)); 4° T is non-degenerate. We say that a compact operator 
U in E is quasi-hermitian if there exists a non-degenerate positive hermitian operator T 
such that TU = U*T. 

a) Show that if U 40, then TU? 0 (observe that (PUP ala) = (fF Ua Oe 
furthermore, for any integer p> 0, ||TU7?||?< ||TU%?—?||- ro?» 2) (use tie 

foo) 


Cauchy-Schwarz inequality). Conclude that if U # 0, the series DG mut scannot 


n=0 

be convergent for every € € C, and therefore the spectrum of U is not reduced to 0. 

b) IfAis an eigenvalue of U, show that T(N(A;U)) CN(A;U*) and T(E(A;U))¢ E(A;U*); 
deduce from these relations that A is veal and that k(A;U) = 1, hence N(A;U) = E(A;U) 
(use (11.5.5) and the fact that (Tx|*) = 0 implies x = 0). Furthermore T(E(A;U)) = 
E(A;U*). 

c) Let P be the orthogonal projection of E on F(A;U); show that PU P is a quasi- 
hermitian compact operator in F(A;U) (observe that PUP = UP in F(A;U), and 
that in F(A;U), PTP is a non-degenerate positive hermitian operator). 


d) Let (A,) be the sequence of distinct eigenvalues of U, such that |A,| > |An +1 
for every n, and suppose that sequence is infinite. Show that the intersection G of 
the closed subspaces F(/,;U) is equal to U~1(0) (if P is the orthogonal projection 
of E onto G, observe that in G, PUP is a quasi-hermitian compact operator, and 
use a)). Denote by P, the orthogonal projection of E onto F(A,;U); show that E 
is the Hilbert sum of G and of the subspaces E(A,;P,U* P,). Conclude that the sum 
(which is direct in the algebraic sense) of G and of the subspaces E(A,;U) is dense 
in E. Furthermore, if H is the sum of the subspaces E(A,;U), Gn H = {0}. (Observe 
that the subspace of E orthogonal to FA is the kernel G’ = (U*)—1(0), and that T7(G) CG’, 
and use the fact that (T|x) = 0 implies x = 0.) 


e) Conversely, let U be a compact operator in E such that: 1° all eigenvalues A, 
of U are real, and k(A,;U) = 1 for every n; 2° if H is the sum of the subspaces E(A,;U), 
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the sum of G = U~1(0) and Ai is direct and dense in E. Show that this implies that 

both U and U* are quasi-hermitian compact operators (and therefore the adjoint 

of a quasi-hermitian operator is quasi-hermitian). (As G’ = (U*)—1(0) is the subspace 

orthogonal to A, and the sum H’ of the subspaces E(A,;U*) is such that Ai’ is the 

subspace orthogonal to G, U* satisfies the same conditions as U. Consider a hermitian 

operator T in E such that Tx = La,(#|by)by, where a, > 0, the (o,) form a total 
n 


subset of E (5.4), and are eigenvectors of U*; cf. problem 16.) 


6. The Fredholm integral equation 


We now apply the preceding theory to the example (11.2.8). We 
consider here the prehilbert space G of continuous complex-valued functions 


Up icaeote 
in I = [a,b], with (fg) = f f(é)g(é)dt, and the operator U such that Uf is 


the function 


: aj K(s,)f(s)ds. 


a 


We say that the operator U is defined by the kernel function K. 


(11.6.1) The compact operator U in G has a compact adjoint which is defined 


by the kernel function K* such that K*(s,t) = K(t,s). 


We prove ior a = x = 0 the identity 


b x 


eee 
g(t)dt | K(s,t)f(s)ds = f f(s)ds f K(s,A)g(0)ae 


a 


(eet) 


Soe 


which, for x = 6, will yield the result by definition. Both sides of (11.6.1.1) 
are differentiable functions of x in [a,b], by (8.7.3) and Leibniz’s rule 
(8.11.2); they vanish for x =a, and their derivatives are equal at each 
x € [a,b] by (8.7.3) and (8.11.2), hence they are equal everywhere in [a,b] 
(8.6.1). 

We leave to the reader the expression of the criterion (11.5.6) for that 
particular case (the “‘Fredholm alternative’). 


If K(¢,s) = K(s,t) (in which case the kernel K is called hermitian), the 
compact operator U is self-adjoint. As the prehilbert space G is separable 
((7.4.3) or (7.4.4)), it can be considered as a dense subspace of a Hilbert 
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space G (6.6.2), and therefore we can apply to the operator U the results 
of (11.5.8). We shall denote by (A,) the sequence of the (positive or negative) 
eigenvalues of U, each being repeated a number of times equal to its mul- 
tiplicity, and ordered in such a way that \A,,| = |An4i[; and we will denote 
by (,) an orthonormal system in G such that, if the values of x for which 
Ay = ty (tesp. A, = %) are mm +1,....m +7, then Oe aes 
constitute a basis for the eigenspace E(u) (resp. E(»,)); we therefore have 
U(p,) = A,~, for each m. The 9, are called the eigenfunctions of the 
kernel K. 


(11.6.2) If K is a hermitian kernel, the series XA2 is convergent and 


2ds. 


b b 
Xi kn SJ UJ \K(s,t) 


Indeed, if we apply the Bessel inequality (6.5.2) to the function s — K(s,4) 
and to the orthonormal system (9,), we obtain, for any N 


Z | f K(s,t)p,(s)as |? < J |K(s,2)|?ds 
1.€. 
N b 
(dee 224) z Alo, (t)|? < J |K(s.4)[Pds 
p= Il a 


for every ¢ € I. Integrating both sides in I and using the relations (Pip j—! 
and (11.6.1.1) yields the result. 
The canonical decomposition in G of any function / € G (11.5.7) can here 


b —_- 
be written {= 2,c,9, + fy, where c, = (f\p,) = J f()@,(é)dt; but, as already 


observed, fy may fail to be in G; on the other hand, the series 2,c,9, 
converges in the Hilbert space G, but not in general in the Banach space 
E = @,(I1) (in other words, the series 2',c,¢,(¢) will not necessarily converge 
for every te I). However: 


(11.6.3) If K ts a hermitian kernel, and f = Ug for a function ge G (ie. 
b 

{(t) = J K(s,é)g(s)ds), then the series 'c,p,(t) converges absolutely and 

uniformly to f(t) im I. 


We have in G the canonical decomposition g = 2,,d,, + g; as U is 
a continuous linear mapping of G into E = @,(I) (11.2.8) and Ug, = 0, 
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we have / = Ug = 4,,/,d,,, where now the convergence is in E; i.e. the 
series Y,,4,4,P,(t) converges uniformly to f()inE; asc, = (/|p,) = (Ug|@,) = 
(g|U@,) = /,(g|@,) = 2,d,, we have proved (11.6.3) except for the statement 


on absolute convergence. But for any integer N, we have, by Cauchy- 
Schwarz (for finite dimensional spaces) 


N AB 
( © len@n(é)|)? ( Ela, PC 2 Aalepnle) ?) 
n=1 n=1 = 
and the right-hand side is bounded by a number independent of N, by 
Bessel’s inequality (6.5.2) and (11.6.2.1). 


(11.6.4) Jf K ts hermitian, and i is not in the spectrum of U, the 
unique solution f of the equation Uf —/f=g, for any geEG, ts such that 
{j= — - g(t) + Pa dn@ri{t), where the series is absolutely and 
uniformly convergent in 1, and d,, = (g\9,). 

We know that the unique solution of Uf — // = g in G belongs to G 
since g € G (11.5.6), and by (11.5.11} we have c, = (f|,) = 1/(4, — 4). As 
g + Af = Uf, we can apply (11.6.3), and this proves the result. 


(11.6.5) Under the same assumptions as in (11.6.4), the unique solution 


of Uf—aAf=g can be written f(t) = — = lt a FR (s,t:A)g(s)ds, with 
2 
D @nls \pn(t), where the series 1s ab- 


1 An 
ic) — — 78 K(s,¢) + SS Wa, — 


solutely and uniformly Pen, forts ire lt. 


By the proof of (11.6.3), we have 2),/,d,.9,(¢) = Ug(t), the series converging 
absolutely and uniformly in I. As 


Lt 
Ge =n) i: 


the formula in (11.6.4) gives 


tL 1 
i) = +8) — 55 


Be 
x 
—, 
au 
ro) 
~| 
S 
No 
s 
Ss 
= 
= 
Ly 
pa 
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aS 
= 
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nA 
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The theorem will follow when we have proved the uniform convergence 
of the series 3',A2|p,(s)|2: for there is a 6 > 0 such that |A, — 4| > 6 for 
q S 


1 dog 
edcha = nences 2 lpn(s) Pnil es = oa So Anlpn(s)palé)] < 
np [Allan — Al Al n= 


sa 2 3 Aaleals) (2 An\@n(t)|2) by Cauchy-Schwarz, and this will prove 


9 


that the series 2, A 7) @n(S)Pn(t) is absolutely and uniformly convergent 


in I x I; the conclusion then results poe (8.7.8). 


Now consider the function H(s,4) = JK (u,s)K(t,u)du; for each fixed 


teI, we can apply to it (11.6.3), and we see that H(s,f) = 2 A Pn (8), (2) 
where ae series is convergent for any pair (s,f)eI x I. In particular 
H(s,s) = &,,A2\g,(s)(2 for all se1, and H(s,s) is continuous; by Dini’s 
theorem (7.2.2), the convergence is uniform in I, q.e.d. 


(11.6.6) Jf K is hermitian, then lim TK (s,f) — 2 2 APisle | 


n— CO a 


uniformly for s eI. 


With the notations of the proof of (11.6.5), we have 


(11.6.6.1) lim (H(s,s) — 2 A2q,(s)p,(s)) = 0 

n—> oO k=1 
uniformly for se 1; if we evaluate the integral in the statement of (11.6.6), 
using the fact that the gm, are eigenvectors of U, and that they are orthogonal, 
we obtain the expression in the left-hand side of (11.6.6.1), whence the 
result. 


In general, the series », A, (S) )@,(t) wall not be convergent forall (s,t)el x I; 
but we have the special result: 


(11.6.7) (Mercer’s theorem). Suppose the compact operator U defined by 


the hermitian kernel K(s,t) 1s positive. Then we have K(s,t) = 'A,@,(S) )@,(t), 
where the series 1s absolutely and uniformly convergent in I x I. 


We recall that we have here J, > 0 for every ” (11.5.9). We first prove 
that for each s eI, the series 2;,/,,|p,(s)|? is convergent. For any s EI, we 
have K(s,s) > 0. Otherwise, there would exist a neighborhood V of s 
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in I such that &(K(s,4)) < — 6 < 0 for (s,t)eV x V. Let g be a contin- 
uous mapping of I into [0,1], equal to 1 at the point s, toO in I — V (Aroe2)5 
Then we have 


fowae] K(s,t)p(s)ds < — 6 (J plan? <0 


by (8.5.3). But the left-hand side is (Up|q), and this violates the assump- 
tion that U is a positive operator. 
Remark now that for any finite number of eigenvalues A, (Il << k < n) 


K,,(s,t) = K(s,t) — 2 A,,(s),(t) is the kernel function of a positive op- 
k=l 


erator U,, for we have 


n 


(Unf) = (Uf) — 2 Al(lps)|?: 


but the right-hand side of that equation can be written (Ug|g) with 

g=/—  (f\gs)@, as is readily verified, hence is positive by assumption. 
k=] 

Therefore, by (5.3.1) it follows from K,,(s,s) > 0 that the series 2,/,|,(s)|® 

is convergent, and we have 2,A,|p,,(s)|? < K(s,s) for alls ¢ I. By Cauchy- 

Schwarz, we conclude that 


q Tie. SL 
(11.6.7.1) Z An |Pn(S) Palt pi oe nlPx(S) oe uleall (4) |?) 


for all (s,t) €I x I. Hence, as K(t,t) is bounded in I, for fixed s € 1, the 


Series 2, ‘Au®,(8) )y,(t) is uniformly convergent for te 1. By (11.6.6), (8.7.8) 
and (8.5.3), we conclude that 2)A,¢,,(s),(t) == K(s,t) for all (sf) eI x I 
since ¢ > |K(s,t) — ¥A,,(s)¢,(é)|? is continuous in I and its integral in 


I is 0. In particular, we have K(s,s) = 2,,A,|,(s)|?; by Dini’s theorem 
(7.2.2) the series 2/,|p,(s)|? is therefore uniformly convergent in I, and 


(11.6.7.1) proves that the series ZA, 0(8)@, (0) is absolutely and uniformly 
convergent in I x I, which ends the proof. 
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Remarks. — (11.6.8) The result (11.6.7) is still true when we only suppose 
that U has a finite number of eigenvalues »,<0 (1SRk< 7) low 
(11.5.7c)) shows then that in the space F,,., orthogonal supplement of 
E(v,) + ... + E(v,,) in G, the restriction of the operator U is positive, and 
we apply (11.6.7) to that operator, which, as is readily verified, corresponds 


to the kernel function K(s,t) — ZA, (8) a(t), where /# runs through all the 
indices (in finite number) such that 4,< 0. The conclusion is then imme- 
diate. 


(11.6.9) We can consider the operator U in a larger prehilbert space, 
namely the space F, of regulated functions (7.6) which are continuous on 
the right (i.e. such that /(¢-+) = f(t) for a <t <b) and such that /() = 0; 


b 
for such a function the relation f |/(é)!2dt = 0 implies /(¢) = 0 everywhere 


in I = [a,6], for it implies /(t) = 0 except at the points of a denumerable 
subset D (by (8.5.3)), and every ¢ such that a <# < b is limit of a decreasing 
sequence of points of | — D. The space G may be identified to a subspace 
of F,, by changing eventually the value of a continuous function feG 
at the point 0; it is easily proved (using (7.6.1)) that G is dense in F,. 
The argument of (11.2.8) then shows that U is a compact mapping of F , 
into the Banach space E = @,{1) (and a fortiori a compact mapping of the 
prehilbert space F, into itself). A/J the results proved for the operator UF 
in G are still valid (with their proofs) when G is replaced by F ,. 


PROBLEMS 


1) Extend the results of section 11.6 (with the exception of (11.6.7)) to the case 
in which K(s,¢) satisfies the assumptions of section 8.11, problem 4 (use that problem, 
as well as section 11.2, problem 5). 

2) In the prehilbert space G of section 11.6, let (f,,) be a total orthonormal system 


n soe 


b 
(6.5); let K,(s,t) = 2 fz(s\f,(t), and let H,(s) = J |Ku(s.d) ae (the ‘‘n-th Lebesgue 
= a 


n 
function’”’ of the orthonormal system (f,,)). For any function g € G, let s,(g) = 2X (elfetas 
in = Ik 


b 
so that s,(g)(#) = J Kuletg(tae for any # el. 
a 


a) Prove that if, for an #,¢I, the sequence (H,(%9)) is unbounded, then there 
exists a function g € G such that the sequence (s,,(g)(%)) is unbounded. (Use contradic- 
tion, and show that under the contrary assumption it is possible to define a strictly 
increasing sequence of integers (m,), and a sequence (g;) of functions of G, with the 
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b 
following properties: 1° let c, = sup| f Ku(vort)en(t)de| (a number which is finite 
nw a 


by assumption), let d, = ¢, +¢, +... + cp_4, let m, = [ [Knglo lat and let 
Gz = Sup (my,...,mp_— 1); then : 

my, > 2 +1(g, + 1) (dy + &); 
2° let y, be a continuous function such that g,(a) = gp(b) = 0, |y,(t)| <1 in I and 


b 
| J Kuz (%o-4) pad) ae| == m,/2 (see section 8.7, problem 8); then gz, = q,/(2*(q, + 1)). 
a 


ee) 
Then show that the function g = 2 g, is continuous in I and contradicts the assump- 
= il 
b 
tion: to evaluate the integral J Bal (%,f)g(t)dt, split g into XY g;+g,+ LZ g;, 


i<k i>k 
majorize the second integral and minorize the two other ones (‘‘method of the gliding 
hump’).) 
b) Show that for the trigonometric system (6.5) in I = [—1,]], the m-th Lebesgue 
kin 


function is a constant h,, and that lim hk, = + oo (observe that - | 
n—> oO (k—1j/n| Sind | hn 


sin nztt | 2) 
at > 


for 2<-# <n). Conclude that, for any x, €1, there exists a continuous function g 


in I, such that g(— 1) = g(1) = 0, for which the partial sums oe Bijen "aie a2 /9 
fas —n th 
of the ‘Fourier series’ of g are unbounded for x = x9. 
3) Let g be a continuous complex valued function defined in I = [—1,1] and 


such that g(—1) = g(1) = 0; g is extended to a continuous function of period 2 in R. 


Let K(s,¢) be the restriction of g(s — #) toI x I; if g(—4) = g(t), the compact opera- 
tor U defined by the kernel function K(s,¢) is self-adjoint. Show that the functions 


Prt) = enait 2 are eigenvectors of U, the corresponding eigenvalue being the 


“Fourier coefficient” a, = ee iat of g. 


Using that result and problem 2, give examples of a hermitian kernel function K 


for which the series of general term dnPniS) z(t) has unbounded partial sums for certain 
values of s and #, and of a positive hermitian kernel function K for which there is a 


ica) 
function f¢ G such that the series 2 (f|@,)p,(t) has unbounded partial sums for 
n=1 
certain values of ¢. 

4) Let I = [— 27,2], and define K(s,é) in I x I to be equal to the absolutely 

il 
convergent serles 2 —; sin ns: sinnt for OS s<2n, OS t< 2m, and to 0 for 

n=1% 
other values of (s,¢) in I x I. Give an example of a function fe G such that in the 
canonical decomposition of f, fy does not belong to G. (The eigenfunctions of K are 
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the functions g, such that ,(t) =0 for —2n<?< 0, galt) = —=sin nt for 


0<t< 2m. Take for f a continuous function in I equal to 2x — ¢in [0,27], and show 
ea) 
that the series Y (f|pn)pn(¢) converges everywhere in I, but has a discontinuous sum.) 
n=l 
5) With the general notations of 11.6, let K be a hermitian kernel defined in 
I x I, and let U be the corresponding self-adjoint compact operator in G. Show that 
for every h > 0, U* corresponds to the hermitian kernel K;, which is defined induc- 
tively by K, = K, and 
b 
Ky (st) = [Ky —1(s,u) K(u,t)du. 
a 


ive] 
Prove that, for h > 2, K,(s,) = 2 Mas) Pn(t)s the series being absolutely and 
n=1 
b b coe) 


uniformly convergent in I x I. Show in addition that A, = Jas i| |Ky(s,4)|?dé = [a 
a a n=1 

and that the sequence (Aj, 1/A,) is increasing, and has a limit equal to |A,|2, where A, 

is an eigenvalue of K of maximum absolute value (use Cauchy-Schwarz). 


6) With the notations of 11.6, let K be an arbitrary continuous kernel function 
in I x I, and let U be the corresponding compact operator in G. Let M be a finite 
dimensional subspace of G such that U(M) Cc M; let Ghii chen be an orthonormal 

n 5 b 
basis of the space M, and write Up, = 2 appiby. Show that 2 |ags|?< fae if |K(s,#)|2ds. 
k=1 a @ 
(For each t¢ 1, apply Bessel’s inequality (6.5.2) to the function s + K(s,f) and the 
orthonormal system (i) in G.) 


2 


Let (4,,) be the sequence defined (for the operator U) in section 11.5, problem 15 c). 


oO (oe) b b 
Prove that the series XY |/,|? is convergent, and 2 |A,|?< Jat f\K(s,)[ds. (Apply 
a 


n=1 n=l a 
the preceding result to any sum of subspaces N(yz), with the notations of section 11.5, 
problem 15 c).) 


7) Give an example of a hermitian kernel K(s,¢), such that, if U is the corresponding 
compact operator in G, and V the square root of U# (section 11.5, problem 12), there 
is no hermitian kernel to which corresponds the compact operator V. (If there existed 


such a kernel, Mercer’s theorem (11.6.7) could be applied to it; take then for K the 
first example in problem 3.) 


8) A kernel function K(s,t) defined in I x I (with I = [a,b]) and satisfying the 
assumptions of section 8.11, problem 4, is called a Volterra kernel if K(s,t) = 0 for 


st Let K= sup |Kissj|- liv is the compact operate, in) G comesponding 
stelx I 


to K (problem 1), show that U” corresponds to a Volterra kernel K, such that 
|K,(s,2)| << M"(¢ — s)"—1/(m — 1)! for » > land s <¢ (use induction on m). Deduce 
from that result that the spectrum of U is reduced to 0, and that for any Ce C, 
Cl eT ee ene 
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7. The Sturm-Liouville problem 


We consider, in a compact interval I = [a,b] of R, a linear differential 
equation of the second order 


(11.7.1) y’ — g(x)y + Ay = f(x) 


where q(x) is a real-valued continuous function in I, /(x) a complex-valued 
vegulated function in I, which is continuous except at a finite number of 
interior points, and A a complex number. By a solution of (11.7.1) is meant 
a continuously differentiable complex-valued function y(x), such that y’(x) 
is the primitive of a regulated function with only finitely many dis- 
continuities, and that the relation 


y"(x) — a(x) y() + Ay(x) = f(x) 


holds in the complement in [ofa finite subset of I. The Sturm-Liouville 
problem consists in finding solutions which also satisfy the two boundary 
conditions 


(11.7.2) Iyy(a) + Ryy"(a) =0, —hgy(b) + Pey'(b) = 0 


where /,,k,,h9,k, are real numbers, and h,,k; are not both 0 (z = 1,2). 


We assume in the following the elementary theory of linear differential 
equations (see (10.8)). We first consider the homogeneous equation 


(ez -g) y — g(x)y + Ay = 0. 
Note that y’’ is continuous in I for any solution of (11.7.3). 


(11.7.4) There exists a number r >0 such that, for A real and < —7, 
the only solution of (11.7.3) satisfying the boundary conditions (11.7.2) ts 0. 


As q,A, the h,,k; are real, it is clear that if a solution of (11.7.3) verifies 
(11.7.2), its real and imaginary parts are also solutions verifying the same 
boundary conditions; we therefore can restrict ourselves to real solutions. 
Suppose first that 2,k, 4 0, so that we can suppose k, = k, = — 1. Then 
we can also suppose y(a) ~ 0, otherwise we would have y’(a) = 0, and by 
the existence theorem, our theorem would be proved. Multiplying y by 
a suitable constant, we may therefore assume that y(a) = 1, y"(a) = hy. 
Note that if we put z = y’/y for y(x) 40, we have 


(11.7.4.1) z’ = g(x) —A— 2". 
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Let M= sup |g(x)|, and suppose 4< — M—# —1; then we have 


eee 
z'(a) = q(a) — A — hf > 1, and therefore z is strictly increasing in a neigh- 
borhood of a in I. I claim that y(x) 40 in I and that z(x) > A, for all 
x >a. Suppose first that y(x) vanishes in I, and let x, be the smallest 
solution > a of y{x) = 0. Then y(x) > 0 fora < x < %,, hence y’(%,) < 0 
(it cannot be 0, or else y would be identically 0 in I) and as q(x) — ew) 
for all x El, y'(x) > 0 fora = x = x, by (117.3), hence y “issimencacing 
for a < x < %,, and therefore is < 0 in that interval; it follows that when 
x< x, tends to x, 2(x) would tend to —oo. As 2 is continuous for 
a< x < x,, there would be in that interval a smallest x, > a such that 
a(x) = h, and h, < 2(x) for a < * < %,. This implies that 2’(%,) <0; but 
we have 2’(x,) = q(x) —A — Ai >1 and we obtain a contradiction, 


bs 


which proves both our assertions. In a similar way, we see that if we have 
A= Mh = 1, then 2) = 2, in 1) Phe fumetionss wouldsiiie sie 
such that |z(*)| < ¢ = sup (A,|,|/,|) in I, where c is independent of A. Now 
from (11.7.4.1) we deduce z’(x) => — M— A—c? = u, hence, by the mean 
value theorem, hy, — h, = 2(b) — z(a) > w(b — a). Tf we take A such that 


ty — hy| 


A<—M—c? ae 


we obtain a contradiction, and this ends the proof of (11.7.4), when 2k, 40. 


Suppose next 4, = 0) 4,>- 0 (hence we can suppoce 7, —)— mec 
can now, by multiplying y with a suitable constant, suppose y(a) = 0, 
y'(a) = 1; then z tends to +co when x >a tends to a. Suppose 
A<—M-—2; then I claim first that y’(x) >1linI. As y’(x) >0 by 
(11.7.3) for x > a@ in a neighborhood of a, we have y’(x) > 1 for x > a in 
that neighborhood. Suppose that y’(x) = 1 for some x > a, and let x, be 
the smallest solution of that equation. Then y’(x) >1 for a<x*x< x, hence 
y(x) >0O in that interval, and y’’(x) >0 by (11.7.3); but we should have 
y"’(x,) <0, which is a contradiction. We thus see that y is strictly increasing 


immlminence 2 1s tinite fora -« 7 =< 7 el clalnipt iain = [= M—A—1; 


otherwise, there would be a smallest x, such that z(x,) = = w= A= Il. 
and at that point we would have z’(%,) <0. But from (11.7.4.1) we deduce 
2'(%) = — M — A — 2(x,) > 1, and we have again reached a contradic- 
tion. If now we suppose A taken such that #2 << — M — A — 1, we find 
that the relation 2(b) = hy is impossible, hence the theorem is proved in 
that case. The case kp = 0, 2, # Ois treated similarly. Finally, if k, =k, =0, 


7. THE STURM-LIOUVILLE PROBLEM 345 


we may again suppose y(a) = 0, y’(a) = 1, and the preceding argument 
shows that y is strictly increasing in I as soon as 2 < — M — 2: this of 
course is in contradiction with the condition y(b) = 0, and the proof is 
complete. 


Replacing if necessary q(x) by g(x) +r, and 4 by A +7, we can from 
now on suppose that there is no nontrivial solution of (11.7.3) satisfying 
both boundary conditions (11.7.2), for 4 < 0. 

We will use the following identity 


b 
(11.7.5) f (u’'v — v''u)dt = (u'(b)v(b) — u(b)v'(b)) — (u'(a)v(a) — u(a)v'(a)) 


which is an immediate consequence of the particular case p = 2 of (8.14.1) 


ut 


(w’’ and v’’ are supposed to be regulated functions in I). 


(11.7.6) For any t such that a<t <b, there exists a real-valued continuous 
function x + K,(x) defined in I and having the following properties: 

a) In each of the intervals ag x<t, t<x<b, K, ts twice contin- 
uously differentiable and ts a solution of y" — q(x)y = 0. 

b) K, satesfies the boundary conditions (11.7.2). 

c) At the point x = t, Ki(x) has a limit on the right and a limit on the 
Nol, clue S16 15) =) 


By the elementary theory of linear differential equations, there exists 
a solution #, 4 0 (resp. u, ~ 0) of y” — q(x)y = 0 satisfying the condition 
hyu,(a) + kyu,(a) = 0 (resp. hgty(b) + Ryuy(b) = 0), and uw, and u, are 
not proportional (otherwise there would be a nontrivial solution of (11.7.3) 
with A= 0 satisfying both boundary conditions (11.7.2)); hence any 
solution of y’’ — g(x)y = 0 can be written in a unique way y=c,, + Cott, 
with constant coefficients ¢,,c,, and the function w,(x)u,(x) — w(x); (x) 
is a constant d 0 (by (8.14.1)). We now have only to choose the constants 
Cpesssulcthat che function K, equal te cu, for a=. % = ¢ to co, for 
t< x <b, should be defined and continuous at the point /, and satisfy 
condition c), which yields the relations 


CU, (t) — cyu#ta(t) = 0 
e404; (t) — egug(2) = 1 


and therefore gives c, = — u,(t)/d, cy = —u,(t)/d as the solution of our 
problem. 
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We say (by abuse of language) that K, is the elementary solution of 
y’’ —q(x)y =0 corresponding to the singularity ¢; the function (é,x) + K,(x) 
is also written K(é,x) and called the Green function corresponding to the 
Sturm-Liouville problem under consideration. It is only defined for 
a<t<b, a<x<b, equalto — u,(t)u,(x)/d for x <t, to — u(#)u_(%)/d for 
x >> t, hence is continuous, and moreover can be extended by continuity 
for =a and t=b by taking K(a,x)=—w,(a)u,(x)/d and K(b,x)= 
—u,(b)u,(x)/d; in addition it has the symmetry property 


(CIRPAZA} TC Ge) 7) 
as follows at once from its expression. 


(11.7.8) In order that a function y(x) be a solution of the equation 
y"’ — g(x)y = f(x) and verify the boundary conditions (11.7.2), 1t 1s necessary 


b 
and sufficient that y(x) = —JK(t,x)f()dt (7 being a complex-valued 


regulated function in I, which is continuous except at a finite number of 
points of I). 


a) Sufficiency. As 


the verification of the differential equation (at the points where 7 is contin- 
uous) and of the boundary conditions, reduces to routine computations of 
derivatives (and use of (8.7.3)). 

b) Necessity. Apply the identity (11.7.5) in both intervals a<t< x 
ands <0 0, with Wid) and (7) — Ki the elation, (oe 


b 
— J K(t,x)/(t)dt follows at once from the properties (11.7.6) of the Green 


function. 
From (11.7.8) it follows that any solution of the Sturm-Liouville problem 
is a solution of the Fredholm integral equation with hermitian kernel: 


b 


(11.7.9) y(x) — AJ K(tx)y(é)dt = g(x), 
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where 
b 


g(x) = — J K(t,x)f{é)de, 
and conversely. The inverses A, of the eigenvalues + 0 of the operator U 
in the prehilbert space G defined in (11.2.8), corresponding to the kernel 
function K, are called the eigenvalues of the Sturm-Liouville problem. We 
can now state the following theorem which solves the Sturm-Liouville 
problem in every case: 


(11.7.10) For any real-valued continuous function g(x) in the compact 
tpievval | == (acb||: 

a) The Sturm-Liowville problem has an infinite strictly increasing sequence 
of eigenvalues (A,) which are real numbers such that lim A, = + 00 and 


n— © 


that the series X1/A2 is convergent. 
b) For each eigenvalue i,,, the homogeneous Sturm-Liouville problem has 


i) 
a real valued solution y, (x) such that f ph(a)dx = 1, and every other solution 


ts a constant multiple of yy. 

c) The sequence (,) 1s a total orthonormal system in the prehilbert space G 
(notation of (11.6)). 

d) Let w be a complex-valued continuous function in I, which ts the prim- 
ative of a regulated function w’, such that: (i) w’ is continuous in I except at 
a finite number of interior points; (ii) w’ has a continuous derivative w” 


in each interval in which it ts continuous; (ill) w satisfies the boundary 
b 
conditions (11.7.2). Then, if c, = (wlp,) = f w@)e,(é)de, we have 


w(x) = 2c,,, (x) where the series 1s absolutely and uniformly convergent in I. 
e) If Ais not one of the etgenvalues A, for each regulated function f, contin- 
uous in I except at a finite number of points, the Sturm-Liouville problem 


has a unique solution w which is such that c, = (w|p,) ts given by the formula 
b 


¢, =ad,|(A — A,), where d, = f fl), (de. 


f) For A = A,, a necessary and sufficient condition for the Sturm-Liouville 
b 
problem to have a solution ts that { f(t)p,(t)dt = 0. Then, for any solution w, 


C, = (w|p,) ts arbitrary, and for mA~n, Cy is given by the same formula 
GS ac). 
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The homogeneous Sturm-Liouville problem cannot have two linearly 
independent solutions, otherwise it would have solutions y for which y(a) 
and y’(a) are arbitrary, which is absurd; this proves b). The fact that all 
eigenvalues A, are real follows from (11.7.7) and (11.5.7); moreover it 
follows from (11.7.4) that at most finitely many 4, are negative. By 
Mercer’s theorem ((11.6.7) and (11.6.8)), we have for the Green function 


(11.7.10.1) Ea) == = Pult) @n(X) 

the series being absolutely and uniformly convergent inI x I (it is supposed, 
as we may, that 0 is not one of the A,). We observe that d) follows from 
(11.6.3) and (11.7.8) when the additional assumption is made on w that w’ 
is continuous in I. To prove d) in general, let ¢; (1 <7 < m) be the points 
of I where w’ has a discontinuity, and let «, = w’(t; +) — w’(t; —). Then 


m 


the function v= w+ 2 a;K,. satisfies all the conditions of d) and in 
(f= il 


addition has a continuous derivative, by (11.7.6). Using (11.7.10.1) we 
conclude the proof of d). From the fact that the identity mapping of 
E = @,(I) into Gis continuous, it follows that for the functions w satisfying 
the conditions of d), we can also write w= 2jc,q,, the sequence being 
convergent tm the prehilbert space G. To prove c) it will then be enough 
to show that the set P of these functions w is dense in G. Now, for any 
function #e€G, consider the continuous function w, equal to w in 


1 : eee 
c = a Oo 7 , to a linear function * >ax-+ @ satisfying the first 


(resp. second) boundary condition (11.7.2) in lao + ss (rsp. p> — 2. ]) , 
2m 2m 


and to a linear function in each of the intervals let =. a+ | : 
m m 


1 1 
E =e b — eal We can in addition suppose that at the points a,0, 


the value of w, is 0 or 1; it is then clear that |w(x) — w,,(x)| < |!wl| + 1 


: : I 
in each of the intervals lao aL a and > Ss | , and therefore ||% — w,||5 
m m 


is arbitrarily small by the mean value theorem; as w,, satisfies all conditions 
in d), this proves our assertion. Once c) is thus proved, it is clear that the 
total sequence (p,) must be infinite, and (applying (11.6.2)), a) is also 
completely proved. Finally, e) and f) follow at once from (11.5.11). 


7. THE STURM-LIOUVILLE PROBLEM 349 


Remark. It is possible to obtain much more precise information on the 
g, and A,, and to prove in particular that A,/2 tends to a finite limit 
(see problems 3 and 4). 


PROBLEMS 


1) Let I = [a,b] be a compact interval in R, and let Hy be the real vector space 
of all real-valued continuously differentiable functions in I; Hg is made into a real 
prehilbert space by the scalar product 


b 
(xy) = f(xy’ + xy)d 


a) Show that Hy is separable (approximate the derivative of a function x e€ H, 
by polynomials (7.4.1)); Hy is therefore a dense subspace of a separable Hilbert 
space H (6.6.2). 

b) If (%,) is a Cauchy sequence in the prehilbert space Hy, show that the sequence 
(%,) is uniformly convergent to a continuous function v in I, and that if (y,) is a 
second Cauchy sequence in Hy having the same limit in H, then (y,) converges 
uniformly in I to the same function v; the elements of H can thus be identified to 
some continuous functions in I, which however need not be differentiable at every 


point of I. (Observe that for every function *€ Hg, |#(¢) — x(a)| < \: — a(fx/2anie 
a 
in I.) Show that, for any function z € Hy which is twice continuously differentiable 
in I and such that z’(a) = 2’(b) = 0, (vlz) = — fora + fon 
a a 
c) Let «,8 be two real numbers, g a continuous function in I. Show that in Hg, 


the function 7 — O(x Nie x’? 4+. gx*\dt — a(x(a))? — B(x(b))? is continuous. Let A 
a 
b 


be the subset of H consisting of the functions ¥ such that fxat = 1 (observe that 


this is wot a bounded set in the Hilbert space H). Show that in AN Hp, the g.Lb. of 
@(x) is finite. (One need only consider the case « > 0, 8 > 0. Assume there is a 
sequence (¥,) in ANH, such that lm @(#,) = — oo, and, if y, = (fxn dt), 
n> @D 
lim y, = + 0; consider the sequence of the functions y, = #,/y,, and derive a 
n—> © 
= 
contradiction from the fact that, on one hand lim JS vndt = 0, and on the other hand, 
n> Oa 
there is an interval [a,c] C I and a number p > 0 such that |y,(¢)| > p for every n 
and every point ¢é [a,c].) 
d) Let pz, be the g.l.b. of (x) in AN Hy. Show that if (¥,) is a sequence in AN Hy 


such that lim ®(%,) = sy, (%») is bounded in H (same method as in c)). Deduce 
n—-> © 


350 XI. ELEMENTARY SPECTRAL THEORY 


from that result that, by extracting a convenient subsequence, one may assume that 
the sequence (*,) is uniformly convergent in I to a function (which, however, need 
not a priori belong to H) (use Ascoli’s theorem (7.5.7)). 

e) G(x) isa quadratic form in Hg, i.e. one has O(¥ + y) = P(x) + @D(y) + 2¥ (x,y), 

where Y is bilinear; for any function z which is twice continuously differentiable in I 
b b 

and such that z’(a) = 2‘(b) = z(a) = 2(b) = 0, one has W(x,z) = — J xeat + Sqxedt; 
a a 


YW (v,z) can be defined by the same formula for any function v continuous in I. Show that 
b 
for any such function z and any real number , one has lim (O(%,,+ £2) Ih (4%,+ &2)*dt) > py 


n> OO a 
and deduce from that result that one must have 


b 
J (uz” — quz + pyuz)dt = 0. 
a 


Hence, if w is a twice continuously differentiable function such that w’’ = qu — pyu, 
b 

one has J(u — w)zdt = 0 by integration by parts; conclude that « — w is a pol- 
a 


ynomial of degree <1 (observe that by substracting from wu — w a suitable 
polynomial p of degree 1, there exists a function z such that 2’ = u—w-— , 


2(a) = 2(b) = 2’(a) = 2’(b) = 0). Hence » is twice continuously differentiable, satisfies 


the differential equation 


u’ — qu + pu = 0,. 
b 
and is such that swat = 1; furthermore, u’(a) = — au(a), u’(b) = Bulb). (To prove 
a 


b 
the last statement, express that for any ze Hy, O(u + &2) > wy, J(u + &z)*dt, for 
a 

any real number €.) 

2) a) With the notations of (11.7.10), suppose first that 4,k, 4 0, and let « = h,/h,, 
B = — h,[ky. Show that the m, can be defined (up to sign) by the following condi- 
tions: 1° q, is such that, on the sphere A: (y|y) = 1 in G, the function ® (defined 
in problem 1 c)) reaches its minimum for y = q,, and that minimum is equal to 4,; 
2° for n > 1, let A, be the intersection of A and of the hyperplanes (y|py) = 0 for 
l1x<k<n—1; then g, is such that on A,, ® reaches its minimum for y = gy, 
and that minimum is equal to A,. (The characterization of g, follows at once from the 
results of problem 1; use the same kind of argument to characterize @,.) 

b) If 4, = 0, ky # 0, prove similar results, replacing « by 0 in ®, but replacing 
the sphere A by its intersection with the hyperplane in G defined by y(a) = 0. Proceed 
similarly when k, + 0 and k, = 0, or when 4, = &, = 0. 


c) Under the assumptions of a), let z,,...,2,.,; be » — 1 arbitrary twice contin- 
uously differentiable functions in I, and let B(z,,...,z,—) be the intersection of A 
and of the» — 1 hyperplanes (y|z,) = 0(1< & <n — 1). Show that in B(z,,...,2,_ 4), 
the function ® reaches a minimum p(z,,...,Z,—1) at a point of B(z,,...,z,_ 4), and 


that A, is the l.u.b. of p(z,,...,2,—1) when the z; vary over the set of twice contin- 
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uously differentiable functions in I (the “‘maximinimal”’ principle; same method as 
in a) to prove the existence of the minimum; the inequality is proved by the same 
method as in section 11.5, problem 8). Extend the result to the cases kk, = 0. 

3) a) One considers in the same interval I two linear differential equations of 
the second order y’’ — qy + Ay =0, vy” — qoy + Ay = 0, with the same boundary 
conditions (11.7.2); let ele Np (A) be the two strictly increasing sequences of 
eigenvalues of these two Sturm-Liouville problems. Show that if g,<q., then 
a < ae) for every ”, and if |¢,(¢) — ¢(t)| < Min I, then as) —_ ge <M for every » 
(use the maximinimal principle). 

b) Conclude from a) that there is a constant ¢ such that 


nr? 
[2 


An — 


ac 


for every 1, with / = 6b — a. (Study the Sturm-Liouville problem for the particular 
case in which q is a constant). 

4) a) Let y be any solution of (11.7.3) in I = [a,b] for A> 0. Show that there 
are two constants A,@ such that y is a solution of the integral equation 


t 
= 1 a= 
(*) y(t) = Asin EXC +o) + plo sin 2 — s)ds. 


Show that there exists a constant B independent of 4, such that A? < B(y]y) (use 
Cauchy-Schwarz in order to majorize the integral on the right-hand side of (*)). 

b) Deduce from a) that if, in the Sturm-Liouville problem, kk, 4 Oor k, = k, = 0, 
then there are two constants Cy,C,, such that, for every , and every #é I 


PAO) \2 sin |/Ant 
/ lied = 
Grit) — \2 Vs cos Vint 


(use a), and the result of problem 3 b)). What is the corresponding result when only 
one of the constants ,,k, is 0? 


<C,/n 


and 


<C, with J=b—a 


[6] 
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Self-adjoint operator: 11.5 

Semi-open interval: 2.1 

Separable metric space: 3.10 

Separating points (set of functions): 7.3 

Separating two points (subset of the 
plane): 9. App. 3 

Sequence: 1.8 

Series: 5.2 

Set: 1.1 

Set of mappings: 1.4 

Set of uniqueness for analytic functions: 
9.4 

Simple arc, simple closed curve, simple 
loop, simple path: 9. App. 4 

Simply connected domain: 9.7 and 10.2, 
prob. 6 

Simply 
convergent series: 7.1 

Simpson’s formula: 8.14, prob. 10 

Singular frontier point for an analytic 
function: 9.15, prob. 7 

Singular part of an analytic function at 
a point: 9.15 

Singular values of a compact operator: 
11.5, prob. 15 

Solution of a differential equation: 10.4 
and 11.7 

Spectral value, spectrum of an operator: 
11.1 


convergent sequence, simply 


INDEX 


Sphere: 3.4 

Square root of a positive hermitian 
compact operator: 11.5, prob. 12 

Star-shaped domain: 9.7 

Step function: 7.6 

Stone-Weierstrass theorem: 7.3 

Strict relative maximum: 3.9, prob. 6 

Strictly decreasing, strictly increasing, 
strictly monotone: 4.2 

Strictly negative, strictly positive num- 
ber: 2.2 

Sturm-Liouville problem: 11.7 

Subfamily: 1.8 

Subsequence: 3.13 

Subset: 1.4 

Subspace: 3.10 

Subspace of a normed space: 5.4 

Substitution of power series in power 
series: 9.2 

Sum of a series: 5.2 

Sum of an absolutely summable family: 
5.3 

Supremum of a set, of a function: 2.3 

Surjection, surjective mapping: 1.6 

Symmetric bilinear form: 6.1 

System of scalar linear differential equa- 
tions: 10.6 


T 


Tangent mappings at a point: 8.1 

Tauber’s theorem: 9.3, prob. 2 

Taylor’s formula: 8.14 

Term (nth) of a series: 5.2 

Theorem of residues: 9.16 

Tietze-Urysohn extension theorem: 4.5 

Topological direct sum, topological direct 
summand, topological supplement: 5.4 

Topological notion: 3.12 

Topologically equivalent distances: 3.12 

Topology: 3.12 

Total derivative: 8.1 

Total subset: 5.4 

Totally disconnected set: 3.19 

Transcendental entire function: 9.15, 
prob. 3 

Transported distance: 3.3 


INDEX 


Triangle inequality: 3.1 and 5.1 
Trigonometric polynomials: 7.4 
Trigonometric system: 6.5 


U 


Ultrametric inequality: 3.8, prob. 4 

Underlying real vector space: 5.1 

Uniformly continuous function: 3.11 

Uniformly convergent sequence, uni- 
formly convergent series: 7.1 

Uniformly equicontinuous set: 7.5, prob. 5 

Uniformly equivalent distances: 3.14 

Union of two sets: 1.2 

Union of a family of sets: 1.8 

Unit circle: 9.5 

Unit circle taken » times: 9.8 


361 


Vv 


Value of a mapping: 1.4 
Vector basis: 5.9, prob. 2 
Vector space: 5.1 

Volterra kernel: 11.6, prob. 8 


Ww 


Weierstrass’s approximation theorem: 7.4 

Weierstrass’s preparation theorem: 9.17, 
prob, 4 

Weierstrass’s theorem on essential sin- 
gularities: 9.15, prob. 2 


Z 


Zero of an analytic function: 9.15 
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